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ABSTRACT
Investigations into the physiological effects of conditioning 
Pinus caribaea var. hondurensis seedlings through periodic water 
stressing by partial root removal (root wrenching) and/or droughting 
treatments are reported. Empirically-derived stock-conditioning regimes 
based on these treatments have recently provided the means of successfully 
establishing open root planting stock of this species in field plantat­
ions .
Initially the effects of different root wrenching intensities on
14transpiration, net photosynthesis, C translocation to the root systems 
and root regeneration capacity were examined in nursery-raised stock 
transplanted to a variety of glasshouse environments. Without exception 
the ranking within each of these plant characteristics was severe > 
moderate > nil root disturbance. Seedling survivals and height growth 
followed the same ranking. The evidence pointed to the early development 
of a major water stress in non-conditioned (i.e. infrequently root wrenched) 
plants following nursery lifting.
Studies were then made of changes occurring in growth substance 
levels following conditioning of both field- and glasshouse-grown seed­
lings. Chromatographed methanolic extracts were tested in appropriate 
bioassays for the presence of gibberellin-, cytokinin-, inhibitor-, and 
auxin-like activity. Activity associated with these classes of hormones 
was demonstrated and endogenous concentrations determined. Stock condit­
ioning reduced gibberellin and cytokinin concentrations while inhibitor 
levels were increased. Auxin activity remained relatively constant.
VThe principal inhibitory components of chromatographed 
neutral, acidic and hydrolysed fractions of pine extracts were further 
characterised by rigorous chemical methods. Abscisic acid (ABA) was 
the major inhibitor found, but xanthoxin and methyl-abscisate were also 
identified.
A new extraction and purification procedure was developed and the 
accumulation and conversion of endogenous ABA in foliage tissue was 
examined. A lowering of leaf water potential (ip ) and pressure potential 
(i|; ) was accompanied by large increases in the levels of ABA and its 
metabolites phaseic acid and dihydrophaseic acid. ABA was also converted 
into a bound form. The ABA/ip^  and ABA/i/j^  threshold relationships
were established.
Subsequent research was directed at providing a detailed account of 
the water relations and economy of glasshouse-conditioned stock. Using 
classical methods (pressure bomb and psychrometric determinations) the 
relationships between and its components, and osmotic potential 
(i]j ), were determined and shown to differ markedly between conditioned 
and non-conditioned plants. Consequently, the specific moisture char­
acteristic curves (ip^  vs. relative water content (RWC)) of the two stock 
types differed and the  ^ value at which incipient plasmolysis was reached 
was lower in conditioned plants. The maintenance of turgor in the 
latter stock was possible because of their capacity to alter ip. These 
plants also possessed a higher protoplasmic resistance to dehydration.
These findings were reinvestigated and verified using an independent 
procedure, viz. pressure-volume curve and Hofler diagram construction.
Stomatal behaviour (measured as changes in leaf resistance (R^ ) 
with a porometer) was compared in conditioned and non-conditioned plants.
Conditioned plants had a larger at high and a higher threshold
for complete stomatal closure than the untreated controls. These 
features combined with reduced stomatal and cuticular transpiration 
losses helped maintain higher tissue RlVCs in conditioned stock.
The conditioning process is interpreted as a composite alteration 
of metabolic pattern under strong hormonal control resulting from induced 
changes in plant water status. Observed changes in hormonal activity, 
root/shoot ratio, root regeneration potential, stomatal sensitivity, and 
osmoregulatory capacity are viewed as adaptive-type responses to stock 
conditioning which provide plants with mechanisms for both avoidance of 
and tolerance to water stress.
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1INTRODUCTION
PERSPECTIVE, AIMS AND FORMAT
RATIONALE FOR STUDY
Significant contributions from fast growing forest tree plantat­
ions sited in the tropics and subtropics will be necessary to help meet 
predicted national and world wood shortages during the next three
decades (Dyson, 1965; King, 1975; Johnson, 1976). Afforestation
1programs are underway in these regions and Caribbean pine (Pinus 
caribaea Mor.) is generally regarded as the premier planting species for 
lowland areas (Lamb, 1973; Slee et al., 1976). Currently, Caribbean 
pine is planted in seventeen countries including Australia (in Queens­
land and the Northern Territory) .
Unlike the majority of Pinus species Caribbean pine could not, 
until recently, be successfully transplanted from the nursery bed to the 
field as normal open (or bare) root planting stock, i.e. plants from 
which all growing media had been removed from the roots at the time of 
lifting from the nursery. Consequently all establishment practices 
were obliged to use more costly containerised planting stock, i.e. plants 
raised in individual containers and transferred with the whole root 
system intact to the planting site.
As part of the research program conducted by the Queensland
^In this thesis Caribbean pine refers to var. hondurensis B. 6 G. which 
originates in central mainland America and is the most widely planted 
variety. Two other varieties are currently recognised, var.bahamensis 
B. $ G. from the Bahamas and Caicos Islands and var. caribaea B. § G. 
from Cuba and the Isle of Pines.
2Forestry Department a technique of conditioning seedlings in the nursery
2bed to withstand transplanting stress by intensive root wrenching, i.e. 
partial root severance in situ at frequent time intervals, was developed 
and successfully tested in the field (Bacon and Hawkins, 1977 - Reprint 
provided in Appendix) . This stock treatment guaranteed acceptable 
field performance of low cost open root planted Caribbean pine seedlings 
over a range of planting conditions and now has been adopted into routine 
establishment practice in Queensland. This change in the methodology of 
raising Caribbean pine planting stock ought to have direct widespread 
application.
Little attention was paid during the empirical development of the 
stock hardening treatment to physiological aspects of the conditioning 
process and response and it is these aspects which are in need of study.
CONDITIONING NURSERY GROWN CONIFERS 
TO TRANSPLANT STRESS
Severe root disturbance and breakage combined with some desicc­
ation invariably accompany the routine nursery lifting-field transport 
phase of open root seedling establishment. The resultant plant water 
stress that develops, commonly referred to as 'transplant stress' or
Stock conditioning or hardening simply means modifying plant behaviour 
to obtain a desired response. In practical terms plants are subjected 
to repeated and controlled exposures to a particular environmental 
stress, e.g. low temperature, drought, with the express aim of improv­
ing plant resistance to that stress.
The term 'root pruning' is not a synonym of root wrenching and should 
be restricted, as Cameron and Rook (1969) point out, to the operation 
where roots are trimmed after the plants have been lifted.
2
3'transplant shock', can be characterised by shoot wilting, leaf absciss­
ion, a period of minimal root and shoot growth and, in extreme cases, 
by seedling death (Kozlowski, 1968; Lavender and Hermann, 1976; Day 
et al. , 1976). It is the maintenance of an intact root system and, 
hence, favourable plant water status on transplanting that is the key 
biological basis for use of containerised seedlings (Stein, 1974).
Forest nurserymen have employed various tactics to avoid or 
minimise adverse transplanting effects. For instance, seedlings are 
commonly transplanted whilst dormant and less susceptible to injury 
(Vegis, 1964; Etter, 1972), though species such as Caribbean pine 
possessing a continuous shoot flushing growth habit are obligatory except­
ions. Model transplant procedures emphasise the need for care in stock 
handling during lifting operations (Schubert and Adams, 1971; Aldhous, 
1972) and recommend the use of protective root dips (Bacon et al.,1977 a) „ 
Direct measures have been taken to reduce transpirational losses, for 
example, by shoot topping (decapitation), foliage clipping and the use 
of antitranspirant foliage sprays (Cameron, 1969; Bacon 1975).
Historically, the most useful approach has been to 'condition' or 
'harden off' seedlings in the nursery bed prior to lifting by subjecting 
them to periodic water stress. This can be accomplished simply by 
withholding water and various irrigation schedules have been derived 
empirically (Wakeley, 1954; Lavender and Cleary, 1974; Goor and Barney, 
1976; le Roux, 1975). The method cannot contend with variable weather 
patterns, a major shortcoming for application in wet tropical regions. 
Seedlings are also water stressed by regulated partial root removal and 
New Zealand foresters were the first to seriously adapt the time-honoured
4practice of conservative spade root wrenching, i.e. an occasional 
(two or three in total), deep (c.20 cm) root severance to a stock con­
ditioning regime per se (van Dorsser and Rook, 1972; Bacon, 1975).
They introduced the technique of shallow (c.10 cm) mechanised root 
wrenching at about fortnightly intervals. Seedlings given intensive 
root wrenchings have proved ideal planting stock with a high survival 
potential even under adverse environmental conditions, so it is not 
surprising to find that this cultural conditioning treatment is rapidly 
gaining international acceptance (Vincent and Yabaki, 1972; Lott and 
Hallman, 1973; Tanaka et al., 1976; Bacon and Hawkins, 1977; Benson and 
Shepherd, 1977).
These field-based conditioning studies have mainly concentrated 
on developing practical and reliable stock treatment schedules. Usually 
gross morphological responses have been recorded with the measure of 
success being outplanting survival. Physiological studies have commen­
ced using nursery-and glasshouse-conditioned radiata pine seedlings 
(Rook, 1969a,b, 1971, 1973; Sweet and Rook, 1972) and nursery-conditioned 
Caribbean pine seedlings (Williams, 1975). Nevertheless, in a recent 
review Lavender and Hermann (1976) conclude:
"The results achieved from wrenching thus far are impressive, 
but substantial further research in its effects on hormone 
levels, carbohydrate metabolism, and water relations will be 
necessary to elucidate the mode of action of wrenching".
RESEARCH OBJECTIVE
The aim of the work presented in this thesis is to provide quantit­
ative information on the effects of stock conditioning, by droughting and
5root wrenching, on some morphological features, physiological processes 
and attendant water relations of Caribbean pine seedlings to give a 
clearer insight into the way the conditioning treatment exerts its 
effects.
PRESENTATION
The results of this research program are presented in a series 
of seven discrete but inter-related papers. The ordering of papers 
largely represents a sequential development of the project.
Experimental stock was grown and conditioned under both nursery 
(located in Queensland) and glasshouse (Canberra phytotron) environments. 
Paper 1 examines some physiological responses of nursery-conditioned 
plants to transplanting as measured by rates of photosynthesis and trans­
piration, translocation patterns and root regeneration potential.
Papers 2 to 4 inclusive are concerned with studies made on changes in 
growth substance levels following conditioning of both field and phytot­
ron grown seedlings. Paper 2 presents an initial survey of concentrat­
ion changes in the major classes of growth substances present in young 
Caribbean pine. Subsequent effort was directed mainly at the growth 
inhibitor group and Paper 3 describes the characterisation of the inhib­
itors present in ether soluble fractions of seedling extracts. This 
work highlighted the need for a major revision of the extraction and 
purification techniques used previously. Paper 4 describes the new 
methodology adopted and reports the substantial changes that occurred in 
levels of abscisic acid and its metabolites following imposition of water 
stress. The final three papers provide a detailed account of the water-
relations and-economy of glasshouse-grown and conditioned stock. 
Adjustments in the components of water potential induced by water stress 
are examined by classical methods (pressure bomb and psychrometric 
determinations) in Paper 5 and their significance to seedling drought 
resistance is discussed. Adjustments in osmotic potential, cell 
rigidity and the leaf characteristic, i.e. the water potential-relative 
water content relationship, are reinvestigated and verified using the 
pressure-volume curve procedure of Tyree and Hammel (1972) in Paper 6. 
Paper 7 highlights important adaptations in the water usage pattern 
and stomatal response of drought conditioned plants. The thesis con­
cludes with an integrated revision of the work presented in the seven 
papers with a view to providing a realistic explanation of the stock 
conditioning process and response.
7PAPER 1
THE INFLUENCE OF NURSERY CONDITIONING TREATMENTS ON 
SOME PHYSIOLOGICAL RESPONSES OF RECENTLY TRANSPLANTED 
PINUS CARIBAEA MOR. VAR.HONDURENSIS B.&G. SEEDLINGS
ABSTRACT
The aim of this investigation was to quantify the effects of differ­
ent root wrenching intensities (untreated controls, monthly wrenched, 
weekly wrenched) on some physiological processes in Caribbean pine seed­
lings raised in a Queensland nursery and transplanted to controlled 
environments in Canberra.
Measurements made on seedlings at or before routine lifting from 
the nursery bed showed that root wrenching, (i) caused a transient (four 
days or less) reduction in leaf relative water content, (ii) induced 
partial stomatal closure (shown by high leaf resistances) in treated 
stock, and (iii) altered seedling morphology; shoot size was reduced and 
the root/shoot ratio was increased.
After transplanting, measurements were made of (i) transpiration,
14(ii) net photosynthesis, (iii) C translocation to the root systems, 
and (iv) root regeneration capacity, and in each instance the stock- 
treatment ranking was week > month > control. Stock survivals and 
height growth followed the same ranking.
The evidence points to the early development of a major water 
stress in mildly wrenched or unwrenched, i.e. non-conditioned, plants 
following nursery lifting even though roots were maintained in well-watered
8mediums. Consequently stomata closed to a greater extent than in weekly- 
wrenched stock, and gas exchange rates fell accordingly. The maintenance 
of higher water potentials in conditioned plants implies that their root 
systems were better adapted to meet shoot transpirational demands. A 
higher root/shoot ratio, and an initial condition of partial stomatal 
closure would both assist this adaptation.
The results are consistent with those from survival studies made 
in the field.
INTRODUCTION
Conditioning nursery-grown Caribbean pine seedlings by root wrench­
ing greatly enhances their field performance and permits their successful 
open root planting (Bacon and Hawkins, 1977). Root wrenching in the 
nursery also causes a marked improvement in post-transplant survival and 
growth in other conifers (van Dorsser and Rook, 1972; Tanaka et al., 1976; 
Benson and Shepherd, 1977). Despite the obvious importance of plant 
conditioning in producing premium grade planting stock, few comparative 
physiological studies of nursery-grown plants have been conducted 
(Lavender and Hermann, 1976).
Rook (1969a,b, 1971) has completed the most detailed investigation
to date using radiata pine seedlings as the test species. He found that
14frequent root wrenching increased the proportion of C-assimilates trans­
located to the roots and produced planting stock with little new (soft) 
shoot growth and a high root to shoot ratio. The root systems of well 
conditioned plants were capable of meeting the water demands of their 
shoots (transpiration rates after transplanting were higher in these 
plants compared to non-conditioned stock). Williams (1975) monitored the
9transpiration and leaf elongation rates of potted and bare root (root 
wrenched at either monthly or fortnightly intervals) Caribbean pine seed­
lings following transplanting to an evaporative climate within a glass­
house. Potted seedlings transpired and grew the fastest. There was no 
difference in the response of monthly or fortnightly treated plants to 
a developing plant water stress.
This paper describes experiments conducted on open root Caribbean 
pine planting stock, raised and conditioned in a Queensland nursery and 
transplanted to various glasshouse regimes. The intention was to quant­
ify the effects of different root wrenching intensities on seedling 
response to transplanting through comparative measurements of some 
physiological parameters including, transpiration, photosynthesis, trans­
location and root regeneration.
MATERIALS AND METHODS
Plant Material
Genetically improved seed, collected from a local seed production 
area (Nikles, 1973), was sown in drills (15 cm apart) in three contiguous 
plots in the Beerwah (Queensland) production nursery (location map and 
climogram are provided in Bacon and Hawkins, 1977 - see Appendix) in 
late August. Root wrenching regimes were initiated the following 
February and were carried out by cutting the tap root at a depth of 15 cm 
using a high-tensile steel wire mounted horizontally behind a tractor, 
and by cutting lateral roots using vertical steel knives drawn between 
the drills. Stock within each plot received one of three conditioning 
treatments; (A): untreated controls, (B): root wrenched at monthly
10
intervals, and (C): root wrenched at weekly intervals. Nursery beds 
were lightly irrigated after each wrenching. One week after the final 
root wrenching in early July, plants were routinely hand-lifted from 
the nursery bed, i.e. no special precautions were taken to minimise 
damage to root systems. To facilitate lifting of the deep-rooted un­
wrenched seedlings a spade was inserted from both sides of the drill to 
cut the tap root at a depth of 25 cm. Plants were packed with their
roots in wet sphagnum moss and airfreighted to Canberra. Here they were
3placed the next day into 4313 cm capacity (18 cm diam.) plastic pots 
containing either a sterilised soil (1:1:1 black alluvium:sand:peat moss) 
or artificial (1:1 perlite:vermiculite) rooting medium and transferred 
to naturally lit glasshouses in the CSIRO CERES phytotron or to controlled 
environment cabinets (CSIRO model LBH) at the Forestry Department, ANU. 
These facilities have been fully described by Morse and Evans (1962) 
and Pescod et al. (1963). Pots were irrigated daily with either tap 
water or Hoagland nutrient solution. Before entering the phytotron all 
seedlings were treated with an organo-phosphorus fumigant.
Plant Water Status
Leaf Relative Water Content (RWC): Measured on duplicate samples of 
four detached fascicles rehydrated using the method of Clausen and 
Kozlowski (1965) . RWC was calculated as (Weatherley, 1950) ;
RWC = Fresh Wt. - Oven Dry Wt. x 100 
Turgid Wt.- Oven Dry Wt.
Leaf Water Potential (4^): Measured as xylem sap pressure potential 
on cut shoots in a pressure chamber (Scholander et al., 1964; Ritchie and 
Hinckley, 1975). This instrument was not available at the nursery site.
Leaf Pigment Concentrations
Chlorophylls and carotenoids were extracted in 80% acetone from 
three replicate (0.5g fresh weight) foliage samples using the method 
described by Smith and Benitez (1955). Extracts were analysed on a 
Unicam SP 1800 spectrophotometer and pigment concentrations calculated 
from the formulae of Arnon (1949) and Jaspars (1965).
Plant Nutrient Composition
Duplicate (0.3g oven dry) samples of finely ground foliage, stem 
and root tissue were analysed for total nitrogen and phosphorus after 
the method of Williams and Twine (1957) as modified by Spain (1972) on a 
Technicon Auto-Analyser.
Leaf Resistance
Leaf resistance (R ) to the diffusion of water vapour was measured 
in a ventilated diffusion porometer (Turner et al., 1969; Turner and 
Parlance, 1970). Procedures for using this porometer with pine needles 
have been described by Waggoner and Turner (1971) and Pereira and 
Kozlowski (1977). In this study was determined on duplicate samples 
of nine needles inserted 3.8 cm into the porometer chamber. Leaf areas 
were calculated after Wood (1971).
Transpiration
Whole plant transpiration was measured gravimetrically over a 15- 
day post-transplant period as the daily water loss (to within 0.5g) of 
seedlings growing in sealed pots sited in a glasshouse (27°/22°C day/ 
night temperature, 1.67/0.56 kPa vapour pressure deficit, 16 hr photo­
period) . The rooting medium (soil mix) was readjusted daily to field
12
capacity by watering to a constant weight. Initially there were four 
replicates of each stock treatment, but on day 10 two desiccated control 
plants were discarded. Transpiration was expressed on a final foliage 
oven dry weight basis.
Net Photosynthesis
One 'average' seedling was selected from each stock conditioning 
regime on the basis of shoot length and root development (visual assess­
ment) and potted in the soil mix. These seedlings were held in a glass­
house (24°/19°C, 1.19/0.33 kPa VPD, 16 hr photoperiod) and the soil was 
kept at field capacity. When required for measurement of CO^ exchange 
each seedling was transferred to an LB cabinet set at 25°C and acclimat­
ised for 1.5 hours before the upper 35 cm of the shoot was sealed into 
a clear perspex assimilation chamber (30 cm x 28 cm x 50.5 cm) connected 
in an open circuit to a Grubb-Parsons model SB2 infra-red gas analyser 
(IRGA) set up for differential CO^ measurement. Air within the assimil­
ation chamber was stirred with a fan and held at 25°C by altering the
LB cabinet temperature. A range of photosynthetic quantum flux
-2 -1densities (0 to 744 yE m s , measured with a Lambda Quantum Meter) was 
provided at mid-height within the chamber by switching off paired 
fluorescent tubes in the LB cabinet. CC^ concentration measurements were 
made when the trace output (Heath Servo Recorder) from the IRGA had 
stabilised. This took between 10 and 40 minutes at each new light 
setting. CO^ exchange rates were calculated on a leaf area basis. A 
leaf area/dry weight ratio was obtained for both primary and secondary 
leaves on two samples from each plant.
13
Translocation
Seedlings potted in the artificial rooting mix and held in an LBH
cabinet (24°/19°C) were exposed to either one day or eight days
14after potting. CC^ was released into a plastic bag which enclosed
all the shoot and was tied tightly to the stem just below the cotyledon-
14ary scar, by adding 0.5 ml 50% lactic acid to 25 yl Na2 CO^ solution
(50 yCi per plant) contained in a glass vial fixed to the stem. The
-2 -1plants were left in the bags in the light (780 yE m s ) for two hours.
14At intervals of one, three and seven days after exposure to .C0o, two
seedlings of each nursery treatment were harvested and lyophilised. One
seedling was used to obtain an autoradiograph (exposed to 'Kodirex'
medical X-ray film for two weeks). After photographs were taken all
plants were divided into foliage, stem and roots, oven dried and weighed.
Plant segments were then finely ground in a Wiley mill to pass through a
1440-mesh sieve and a single 30 mg sample assayed for C radioactivity on 
a Tracerlab-Omni Guard Scaler model SC 520M using the method described by 
O'Brien and Wardlaw (1961). The radioactivities of the foliage, stem 
and roots were expressed as a percentage of the total radioactivity of 
the seedling.
Root Regeneration Capacity
The technique of Stone and co-workers (reviewed in Stone, 1966, 1967) 
was used to evaluate the root regeneration capacity of seedlings. Immediat­
ely prior to potting all white roots >0.5 cm long were pinched off each 
plant. Two seedlings (of the same nursery history) were placed in a 
single pot (to reduce overall space requirements) containing a perlite: 
vermiculite mix. Four pots for each nursery treatment were randomly
14
allocated to each of four glasshouse regimes, 15°/10°C, 24°/19°C, 
27°/22°C, 36°/31°C day/night temperatures, and kept well watered. 
Seedlings were washed out of the pots four weeks later and the follow­
ing measurements were made; (i) total length of new roots >1.0 cm long 
and (ii) number of new roots 5*0.5 cm long. Seedlings that produced no 
new roots were classified as dead. Shoot height increments were
recorded over the test period.
RESULTS
Relative water contents (RWC) were measured before and after the 
initial and final nursery root wrenchings. Although all wrenching 
treatments induced a short term (c. four days or less) drop in RWC 
(Table 1) the amount of water lost from the foliage was apparently 
influenced by the stress pre-history of the treated stock. At the 
initial wrenching the RWC fell from 91% to 76% whereas in the final root 
wrenching RWC decreased from 89% to 79% in monthly treated plants and 
from 88% to 84% in the weekly treated stock.
TABLE 1. The effect of root wrenching on the leaf relative water content 
of P. caribaea seedlings growing in the Beerwah (Queensland) 
nursery. (Means of 6 observations made on different plants 
± standard errors)
Plants Sampled
Time of Root 
Wrenching
Before
Wrenching
1 Day After 
Wrenching
2 Days After 
Wrenching
4 Days After 
Wrenching
Initial 91.2±0.5 76.312.5 78.311.2 86.710.5
final (month) 89.4±0.3 79.111.1 80.611.1 89.710.4
(week) 88.410.1 83.510.9 84.910.8 89.010.6
Stock characteristics at lifting are presented in Table 2.
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TABLE 2. Stock characteristics at lifting of 10-month-old P. caribaea
seedlings raised in the Beerwah nursery under three condition­
ing regimes. (Means ± standard error)
Stock Treatment
Plant Parameter
No. Replic­
ates
Untreated
Controls
Root Wrenched 
Monthly
Root Wrenched 
Weekly
Shoot length (cm) 20 36.8±1.5 27.111.1 25.211.0
Root collar diam.(mm) 20 7.410.3 6.310.2 6.110.2
Plant dry wt. (g) 10 10.9510.85 8.2210.67 5.2410.54
Root/shoot ratio 10 0.14210.019 0.20710.029 0.33710.032
2Leaf area (dm ) 2 7.5611.06 5.6710.85 3.3710.51
Nitrogen (%)
Foliage 2 1.0910.04 0.8610.01 0.6910.01
Stem 2 0.5710.00 0.3910.00 0.2810.01
Root 2 0.4010.02 0.5010.01 0.3710.01
Phosphorus (%)
Foliage 2 0.1410.01 0.1810.00 0.2110.01
Stem 2 0.1310.00 0.1510.01 0.1210.00
Root 2 0.0910.00 0.1010.00 0.1010.00
Leaf Pigment Cone, 
(mg g “ 1 )
Chlorophyll a 3 2.60710.352 1.66910.055 1.13910.125
Chlorophyll b 3 0.77310.113 0.48710.047 0.28410.050
Carotenoids 3 0.70410.056 0.55210.015 0.40810.021
Relative water content
(%) 4 88.410.4 88.010.4 87.910.5
Root wrenching caused a reduction in plant size , an increase in root/
shoot ratio and a general decrease in pigment and nutrient (foliage P 
excepted) concentrations. There was little variation in the RWC of the 
three stock types when sampled at 1000 hrs just prior to lifting (7 days 
after the final root wrenching) from a moist soil (soil moisture content 
87% of that at field capacity). Leaf resistances (R^ ) were measured 
periodically during that day (clear skies) on seedlings remaining in the 
nursery bed and these measurements do show significant differences between
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stock treatments (Figure 1). Root wrenched stock had consistently higher 
values than the untreated controls.
The time course of transpiration losses from seedlings transplanted 
to the glasshouse are shown in Figure 2. Weekly wrenched plants main­
tained higher rates of transpiration than monthly wrenched stock and they, 
in turn, transpired faster than the unwrenched controls. All stock showed 
an initial decline in transpiration rate after potting, but only the 
weekly treated stock gave any indication that recovery had commenced 
before termination of the experiment on day 15. The other two stocks 
maintained a constant, minimum rate of water loss during the final week0 
The mean R^ values of the three stock types measured on day 0 of the 
experiment were; controls: 47 s cm ^, monthly wrenched: 33 s cm ^, weekly 
wrenched: 36 s cm ^. Note the change in stock-treatment ranking by R^ 
from that determined previously at the nursery site. When sampled on 
day 15 the mean R^ and ij; values were; controls: 120 s cm  ^ and -2.25 
MPa, monthly wrenched: 54 s cm  ^ and -1.80 MPa, weekly wrenched: 46 s cm  ^
and -1.68 MPa.
Light response curves of photosynthesis in the three nursery stocks 
after transplanting are shown in Figure 3. The rate of CO^ exchange both 
in the light and dark (respiration) was highest overall in the weekly 
root wrenched plant. The form of the light curve changed markedly 
between the initial (day 2 to 4) and final (day 13 to 15) measurements 
in all three plants. Light saturation, for example, was not obtained
in the earlier measurement up to the maximum quantum flux density provided
-2 -1(744 yE m s ), but was reached below this level in the later measure­
ment. Maximum net photosynthesis declined between times of measurement, 
particularly in the monthly treated and control seedlings. The light
17
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FIGURE 1. Leaf resistance of three P. caribaea planting
stocks growing in the nursery. Nursery treatments 
include; (□) untreated controls, (#) wrenched 
monthly, (A) wrenched weekly. Each point repres­
ents the mean of four observations made on 
different plants. Vertical bars are LSDs^ .
18
FIGURE 2. Transpiration rate of three planting stocks of P. caribaea 
following transplanting to a glasshouse (27°/22°C). Soil 
maintained at field capacity. Nursery treatments include;
(□) untreated controls, (#) wrenched monthly, (A) wrenched 
weekly. Each point is the mean of four replicates. Vertical 
bars are LSDs^ ^ . RE is the total daily radiant energy 
(g cal cm 2).
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DAY 4 A
DAY 15
PHOTOSYNTHETIC QUANTUM FLUX DENSITY (he m'2 s’1)
FIGURE 3. Light response curves of photosynthesis in three planting stocks of
P. caribaea following transplanting to a glasshouse (24°/19°C). Soil main­
tained at field capacity. Data for each curve was collected on a single 
seedling from each nursery treatment on different days; (□) the unwrenched 
control on days 2 and 13 after transplanting, (•) the monthly wrenched 
plant on days 3 and 14, (A) the weekly wrenched plant on days 4 and 15.
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compensation point was displaced towards higher quantum flux densities
in these two plants during the same interval. Respiration rates
remained relatively constant. and were assessed after the final
C09 exchange measurement; control: 66 s cm  ^ and -1.85 MPa, month: 62 s
cm  ^ and -1.75 MPa, week: 45 s cm * and -1.60 MPa.
14Results of the C translocation experiment are presented in
sample autoradiographs (Plates 1 and 2) and a tabulated percentage dis- 
14tribution of C throughout the treated transplants (Table 3). The major 
findings are:
(i) Root wrenched plants, particularly the weekly treated seedlings
14translocated a greater percentage of C-assimilate to their 
roots over a shorter time period than untreated stock. For 
example, the pooled data show that the weekly wrenched stock 
had moved 2.5% of plant radioactivity to the roots after 1 day, 
whereas it took at least 3 days for the monthly wrenched stock 
to translocate a comparable proportion of radioactivity and 
7 days for the unwrenched plants.
(ii) The specific radioactivity for the whole plant (an indicator of
14the total amount of CO^ taken up by the plant) was consistently
lowest in the unwrenched plants and highest in the weekly
14wrenched plants. Less C0? was assimilated at the second 
exposure (8 days after transplanting) than at the first treat­
ment (1 day after transplanting).
The influence of stock pre-treatment in the nursery on seedling 
survival and growth after transplanting to a variety of glasshouse 
environments is detailed in Table 4. Clearly the weekly root wrenched 
plants possessed a greater capacity for survival, shoot extension and
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PLATE 1 : PAIRED AUTORADIOGRAPHS AND PHOTOGRAPHS OF C  WEEKLY ROOT WRENCHED, (B ) MONTHLY ROOT WRENCHED AND (A) UNWRENCHED 
CARIBBEAN P IN E  SEEDLINGS EXPOSED TO "^COo ONE DAY AFTER TRANSPLANTING FROM THE NURSERY TO AN LBH C A B IN E T AND 
HARVESTED (1 ) ONE AND ( 7) SEVEN DAYS LATER .
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PLATE 2: PAIRED AUTORADIOGRAPHS AND PHOTOGRAPHS OF (O WEEKLY ROOT WRENCHED, (B ) MONTHLY ROOT WRENCHED AND (A) UNWRENCHED 
CARIBBEAN P IN E SEEDLING S EXPOSED TO E IG HT DAYS AFTER TRANSPLANTING FROM THE NURSERY TO AN LBH C AB IN E T AND
HARVESTED (1) ONE AND (3) THREE DAYS LATER .
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root-regeneration and growth than the monthly treated plants and, in 
turn, the unwrenched controls. The best growth response in all 
stocks was recorded under the 27°/22°C temperature regime. Minimal 
growth occurred in the 15°/10°C environment.
TABLE 3. The percentage distribution of radioactivity in plant parts 
of transplanted P. caribaea seedlings. (All entries are the 
means of two replicates)
Applied
1 day after transplanting 8 days after transplanting
1 day
Harvested after 
3 days 7 days 1 day 3 days 7 days
Unwrenched Controls
Foliage 83.9 80.5 85.0 91.2 94.8 88.9
Stem 16.1 18.2 10.9 7.8 5.2 11.0
Roots <0.1 1.3 4.1 <0.1 0.0 0.1
(166)1 (114) (78) (27) (12) (31)
Monthly Wrenched
Foliage 81.1 77.8 76.3 80.0 83.3 73.9
Stem 18.4 16.9 17.8 18.3 15.5 ' 19.7
Roots 0.5 5.3 5.9 1.7 1.2 6.4
(185) (221) (171) (81) (127) (93)
Weekly Wrenched
Foliage 86.6 75.6 72.5 80.0 79.0 71.6
Stem 10.8 17.1 18.4 16.1 15.2 19.6
Roots 2.6 7.3 9.1 2.3 5.8 8.8
(240) (246) (201) (122) (139) (147)
Value within parentheses is the mean specific radioactivity for the 
whole plant (cpm g“^dry wt. x 10-3)
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TABLE 4. Survival, shoot growth and root regeneration capacity of 
three P. caribaea planting stocks, transplanted to a 
variety of glasshouse environments. (Eight seedlings of each 
nursery treatment were initially assigned to each glasshouse 
regime. Means of survivors ± standard errors)
Glasshouse Regime
Nursery _________ (day/night temperature °C)
Root Wrench
Plant Parameter Interval 15/10 24/19 27/22 36/31
Survival Unwrenched 0.0 37.5 50.0 0.0
(%)
Month 75.0 87.5 100.0 37.5
Week 87.5 100.0 87.5 87.5
Height Increment Unwrenched dead 0.010.0 0 . 110.1 dead
(cm)
Month 0.0+0.0 1.810.2 1.910.1 0.210.1
Week 0.110.1 2.610.4 3.910.7 0.810.1
Root Regeneration
No. New Roots Unwrenched dead 1415 1816 dead
(50.5 cm)
Month 10±3 13219 121111 6914
Week 8±2 14018 14818 8313
Length New Roots Unwrenched dead 19.314.2 12.213.3 dead
(51.0 cm)
Month 1.110.5 96.6111.3 125.419.1 18.913.8
Week 5.211.2 149.2115.4 168.7111.6 63.217.7
DISCUSSION
Nursery root wrenched Caribbean pine planting stock are character­
ised by small shoots, stocky stems (reduced height/diameter ratio) and 
improved root/shoot ratios relative to untreated plants (Table 2; Bacon 
and Hawkins, 1977). These changes in morphology are most likely a direct 
consequence of repeated plant water deficits induced by the wrenching
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treatment (cf. Benson 1974), although indirect effects from altered 
nutrient concentration ratios (e.g. nitrogen/phosphorus - Table 2) 
cannot be ruled out (Gates, 1968; Zahner, 1968; Bacon, 1969). In con­
trast to this study Rook (1969a) detected no change in the nitrogen 
content of root wrenched radiata pine seedlings.
Changes in root/shoot ratios accompanying the use of root wrench­
ing regimes (Table 2; van Dorsser and Rook, 1972; Benson and Shepherd, 
1977) may simply reflect differences in plant size (Bray, 1963; Ledig 
and Perry, 1965) rather than differences in root development per se.
As a check, the allometric relationships between root and shoot dry 
weight were plotted (Figure 4) using data from this study and that of 
Bacon and Hawkins (1977). The results show that, summer-lifted Beerwah- 
grown plants excepted, the observed alteration in root/shoot ratio with 
wrenching treatment is not merely a correlated result of altering plant 
weight but represents a true adaptation in root development to stress 
(cf. Hsiao and Acevedo, 1974; Awe et al., 1976). This finding still 
holds after allowing for an underestimation (maximum 17%) of root weights 
of deep-rooted controls. The anomalous behaviour of the summer-lifted 
stock may be due to the fact that the early root wrenchings which 
commenced in winter in these plants did not stress the seedlings to 
the same extent as comparable treatments in summer (for winter-lifted 
stock).
Despite a uniformly high leaf RWC in all three planting stocks on 
the day of lifting, leaf resistance values were significantly higher in 
root wrenched plants. This implies that pre-stressed seedlings main­
tained partial stomatal closure even in the absence of a recognisable 
plant water deficit. Transpiration losses would expectedly be reduced

(Running, 1976) and hence a high minimum might be viewed as a useful 
survival adaptation in stock raised for field planting.
Post-transplant measurements of transpiration in the glasshouse 
(Figure 2), however, clearly show that root wrenched stock lost water at 
a faster rate than untreated controls without incurring the same reduct­
ion in water potential (ip fell to -2.25 MPa in controls and to -1.80 and 
-1.68 MPa in monthly and weekly wrenched plants). Rook (1969b) observed 
the same phenomenon in nursery-wrenched radiata pine seedlings trans­
planted to an LBH cabinet. He suggested that the well developed root 
systems of wrenched stock, unlike those of the controls, were capable of 
meeting the transpirational demands of the shoots and so a stress situation 
was avoided. A similar explanation might apply here.
The R^ of control plants increased from 7 s cm  ^to 47 s cm  ^ in 
the interval between lifting from the nursery bed and potting in the 
glasshouse. Such an increase would markedly reduce transpiration rates 
and signifies the development of a major water deficit in these plants.
By the end of the 15 day transpiration experiment R^ had reached 120 s cm ^. 
In contrast the stomata of the weekly wrenched plants remained at the same 
level of partial closure (R^ c.38 s cm *) during the nursery-glasshouse 
shift. Furthermore, at no stage during the glasshouse period did a 
water stress develop in these plants large enough to cause the same degree 
of stomatal closure (and hence reduction in transpiration) that occurred 
in the unwrenched plants. The day 15 R^ value for weekly wrenched 
stock was 46 s cm The response of monthly-treated plants was inter­
mediate between the two just described. Williams (1975) found no differ­
ence in the transpiration rate of transplanted monthly- and fortnightly- 
wrenched Caribbean pine seedlings. This is not surprising since in his
28
work both stocks received similar conditioning treatments, three and 
five root wrenchings respectively.
Although photosynthetic measurements were limited to one seedling 
from each stock treatment, the results (Figure 3) highlight distinct 
trends consistent with observations made on other physiological para­
meters. For example, the ability of a plant to photosynthesise after 
transplanting is related to the level of stock conditioning afforded 
that plant during its nursery history. The weekly wrenched seedling 
recorded the maximum net photosynthetic rate at both times of measurement 
and reflects a lower leaf resistance and water stress in this plant 
(Larcher, 1969; Rook et al., 1976). Reduced pigment contents in the 
foliage of treated plants (Table 2; cf. Rook, 1969a) were not rate-
limiting factors in these circumstances.
14The marked reduction in CO^ uptake in unwrenched plants relative 
to weekly root wrenched plants (monthly stock again intermediate) as 
evidenced by the autoradiographs (Plates 1 and 2) and by plant specific 
radio-activities (Table 3) is most likely a result of higher leaf resist­
ances (i.e. reduced stomatal opening) and is consistent with the trans-
14piration and photosynthesis data presented earlier. The C study is 
the first to demonstrate that frequently wrenched plants can translocate 
a greater proportion (both in absolute and relative terms) of current 
photosynthate into their root systems after transplanting than the more 
mildly wrenched plants. Rook (1971) observed a similar response to
14early root wrenching in radiata pine seedlings that were exposed to CO^
and kept otherwise undisturbed in the nursery bed. Other investigators
14have recorded a net reduction in translocation of C-labelled compounds 
from the shoot to the roots as plant water stress increased (Roberts,1964;
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Reid, 1974) and this could account for the minimal translocation in non-
conditioned transplants. However, Wardlaw (1976) has noted that
increased demand by a specific growth centre can alter the pattern of
assimilate distribution and even increase the speed of movement of
assimilate through the vascular system to that centre. The increased
root activity observed in well wrenched stock may provide such a ’sink-
effect'. Kaosa-ard (1977) attributed the relatively greater import of 
14C-assimilate into the roots of his drought conditioned teak seedlings 
to increased root growth activities.
Nevertheless, it is difficult to separate a cause and effect 
relationship in these examples. It can equally be argued that it is 
the ability of conditioned plants to translocate more assimilate and 
quickly to the root system that supplies the energy required for early 
root initiation and elongation (Obroucheva, 1975) . Indeed, a number of 
researchers have interpreted changes in the root growth capacity of 
conifers as a response to altered levels of translocated carbohydrates 
(Krueger and Trappe, 1967; Stone and Jenkinson, 1970; Etter and Carlson, 
1973; Hay and Woods, 1975). These interpretations exclude known 
hormonal influences (Torrey, 1976).
The greater root growth capacity of frequently root wrenched plants 
(Table 4) must be an intrinsic factor in determining their superior 
post-transplant survival and growth capacity both in the glasshouse and 
field (cf. Heiner and Lavender, 1972; Tinus, 1974). Re-establishing 
early contact with moisture reserves in the rooting medium should minim­
ise any development of a plant water deficit.
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PAPER 2
CHANGES IN GROWTH SUBSTANCE LEVELS ASSOCIATED WITH THE 
CONDITIONING OF PINUS CARIBAEA MOR. VAR. HONDURENSIS 
B.$ G. TO WATER STRESS. I. INITIAL SURVEY
ABSTRACT
Chromatographed methanolic extracts from both field- and 
phytotron-grown Caribbean pine seedlings were tested in appropriate 
bioassays for the presence of gibberellin-, cytokinin-, inhibitor- 
and auxin-like activity. Activity associated with these classes of 
plant hormones was demonstrated and endogenous concentrations deter­
mined .
Stock conditioning by droughting and/or partial root severance 
induced marked changes in the level of some growth substances. Gibber­
ellin and cytokinin concentrations were significantly reduced in all 
pine tissues by treatment, while inhibitor levels were significantly 
increased. Auxin activity remained relatively constant in the root 
systems investigated. The inhibitor result is opposite to that 
previously recorded by Sweet and Rook (1972) in nursery-conditioned 
radiata pine seedlings.
Alterations in hormone concentrations are interpreted as responses 
to plant water stress. The magnitude of change was related to the 
degree of stock disturbance (i.e. stress) effected by each conditioning
treatment.
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INTRODUCTION
Stock conditioning treatments of withholding irrigation and 
partial root removal subject plants to varying degrees of water stress 
(Paper 1). Good evidence has been presented in recent reviews (e.g. 
Hsiao, 1973; Itai and Benzioni, 1976) that even moderate reductions in 
plant water potential are associated with measurable changes in the 
concentration of some plant growth substances. Since it is generally 
agreed that growth regulators are an integral part of the control 
mechanism of plant response to water stress (Itai and Benzioni, 1976), 
conditioned seedlings could be characterised by specific changes in 
endogenous hormone levels and activity. Such adjustments may provide 
a mechanism of adaptation of plants to the growing conditions (see Livne 
and Vaadia, 1972).
Five classes of chemical growth-regulator systems are currently 
recognised in plants:
Generic name Basic structure
Auxins
Gibberellins
Cytokinins
Inhibitors
Ethylene
Indole-3-acetic acid 
Diterpenoids 
Substituted adenines 
Sesquiterpenoids^ 
Unsaturated hydrocarbon
Their chemistry and role in general process physiology has been reviewed 
extensively (Galston and Davies, 1970; Audus, 1972; Weaver, 1972; Abeles, 
1973; Leshem, 1973). Despite initial hopes, no single regulatory
The 'secondary' plant growth inhibitors such as the phenolic compounds 
are excluded from hormonal status on active concentration and phyto­
toxicity grounds (Leopold and Kriedemann, 1975; Burden and Taylor, 1976).
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function can be definitively assigned to any one class of growth sub­
stance. Translation of environmental stimuli into internal 
regulatory controls now appears to be the outcome of concerted inter­
actions between the various types of hormones (Leopold and Kriedemann, 
1975).
The investigation by Sweet, and Rook (1972) appears the only 
instance where hormone levels have been monitored in conditioned plants. 
They used the Avena coleoptile bioassay to determine growth substance 
activity in methanolic extracts of the shoots and roots of root-wrenched 
and untreated (control) radiata pine seedlings raised in a New Zealand 
nursery. Conditioned seedlings had roots with significantly lower 
levels of inhibitors (abscisic acid (ABA) was thought to be the major 
constituent) than unconditioned seedlings. Inhibitory activity in 
shoots and promotory activity (thought to be due to indole-3-acetic 
acid (IAA)) in both roots and shoots were not statistically different 
between the two stock types.
The aim of the work reported in this paper was to detail by bio­
assay techniques any changes occurring in non-gaseous hormone levels 
associated with the conditioning of Caribbean pine seedlings. It was 
of particular interest to determine whether decreased inhibitor activity 
could be correlated with the conditioning phenomenon (cf. Sweet and 
Rook, 1972).
MATERIALS AND METHODS
Plant Material
Caribbean pine seedlings were raised and conditioned under field
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or glasshouse regimes. Stock originating from drill sowings of genet­
ically improved seed at two Queensland nurseries, Beerwah and Byfield 
(see location map and climograms in Bacon and Hawkins (1977)), was 10- 
and 7-months-old respectively at lifting. Treated plants had been root 
wrenched with a spade or taut wire at a depth of 15 cm at either weekly, 
fortnightly or monthly intervals during the four month pre-lift period.
At sampling (7 to 10 days after the final root wrenching), randomly 
selected seedlings from each treatment, including unwrenched controls, 
were carefully washed free from the nursery soil and placed immediately 
in a deep freeze (-16°C). Precautions were taken to avoid thawing 
during subsequent transport to the laboratory. Other experimental stock
3was grown individually in 1336 cm capacity tubes (Plate 1) (1:1 perlite: 
vermiculite potting mix) at the Canberra phytotron for six months within 
a naturally lit glasshouse (24°C day temperature and 19°C night temper­
ature) . Over a period of four months prior to harvesting plants 
received one of the following four treatments, (i) watered daily and 
roots kept intact, (ii) watered on alternate days and roots cut once a 
month (13 cm below root collar - see Plate 1), (iii) watered on alternate 
days and roots cut once a week, and (iv) watered once a week and roots 
kept intact. Seedlings were harvested (8 days after the final root 
severance) from each treatment at random, immersed in liquid nitrogen 
and stored in a laboratory freezer (-20°C). Stock characteristics for 
both field- and glasshouse-grown plants at harvesting are summarised in
Table 1.
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PLATE 1. Method of imposing in situ root severance treatments on 
potted P. caribaea seedlings growing in the glasshouse. 
Pots (9 cm diameter, 22 cm high) were constructed from 
PVC tubing. The pot base was covered with Sarlon nett­
ing. Slits were made in the pot 14 cm below the top to 
allow insertion of a ’knife' (a converted hacksaw blade) 
Roots were severed c.13 cm below the root collar.
TABLE 1. Stock characteristics of P. caribaea seedlings grown and
conditioned at two Queensland nurseries and in a glasshouse 
at the Canberra phytotron. (All entries are the means 
± standard errors of 10 to 20 measurements)
Seedling Parameter
Times
Root Ht. Diam. Plant ODW Root/
Conditioning Treatment Wrenched (cm) (mm) (s) Shoot
Beerwah Nursery
Unwrenched controls 0 36.811.5 7.410.3 10.9510.85 0.14210.019
Root wrenched monthly 5 27.111.1 6.310.2 8.2210.67 0.20710.029
Root wrenched weekly 19 25.211.0 6.110.2 5.2410.54 0.33710.032
Byfield Nursery
Unwrenched controls 0 52.111.9 7.110.3 17.0310.83 0.17810.025
Root wrenched monthly 4 46.411.8 6.910.2 14.1410.79 0.22110.021
Root wrenched fort- 7 43.511.2 6.510.2 12.2210.75 0.27810.031
nightly
Root wrenched weekly 13 42.411.2 6.610.1 12.4610.76 0.31210.027
Canberra Phytotron 
Watered daily, roots 0 56.811.5 7.210.2 17.3610.98 0.20510.012
intact
Watered alternate days , 5 52.511.6 6.710.1 13.3210.78 0.33910.030
roots cut monthly 
Watered alternate days , 16 46.110.1 6.110.1 12.0110.63 0.38710.028
roots cut weekly 
Watered weekly, roots 0 31.910.6 5.910.1 11.9410.61 0.25010.015
intact
Extraction
The extraction and partitioning procedures adopted were based on 
methods used by Schneider et al. (1972) and Bachelard and Wightman (1973).
All solvents used were AR grade and were redistilled before use. The 
required material (10 or 20 g fresh weight (FW)) was removed from the 
frozen plants, homogenised in excess cold 80% methanol and left overnight 
in a cold room (3°C). Duplicate fresh samples were taken for oven dry weigh'
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(ODW) determination. The homogenate was filtered through Whatman 
No. 41 paper in a Buchner apparatus and the filtrate evaporated to 
dryness at 35°C under reduced pressure using a rotary evaporator. The 
residue was taken up in 40 ml of water, the pH adjusted to 7.0 with 
1M NaOH and the sample centrifuged for 15 minutes at 2500 g. The 
supernatant was partitioned three times with 1.5 volumes of diethyl 
ether to give the neutral ether fraction. Acidic and basic fractions 
were similarly partitioned out at pH 3.0 (adjustment with IM HC1) and 
pH 11.0 (adjustment with 1M NaOH) respectively. In a number of 
instances the remaining aqueous phase was subjected to alkaline hydroly­
sis (Milborrow, 1970). The pH was adjusted to 11.0 and the samples 
agitated in a water bath at 60°C for 30 minutes. After cooling, readjust­
ment to pH 3.0 and centrifuging, the hydrolysed fraction was partitioned 
out into diethyl ether.
Paper Chromatography
All ether fractions were evaporated under partial vacuum, taken 
up in 1 ml 70% methanol (aqueous fraction samples were centrifuged after 
this step) and streaked (the equivalent of 1 or 2 g FW cm )^ onto What­
man 3 MM paper. The chromatograms were developed for 9 hours (solvent 
front 20-25 cm from origin) in a descending manner using isopropanol: 
ammonia (0.88 sg): water (8:1:1 v/v/v) (Solvent I) for all organic 
fractions and butanol:ammonia:water (upper phase 6:1:2 v/v/v) (Solvent II) 
for the aqueous fraction (Parker et al., 1972). After air drying the 
paper was divided into ten transverse strips corresponding to (0.1) 
zones. These segments were used either directly in bioassays or those
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from certain zones were bulked, eluted overnight (3°C) in 80% 
methanol and the dried eluate subsequently used for further growth sub­
stance characterisation or determination of combined activity in bioassay. 
Authentic IAA, gibberellic acid (GA^), racemic (±)-ABA plus (±)-trans- 
ABA, and zeatin (Z) were run separately in the appropriate solvents and 
their positions located by fluorescence under ultraviolet light and/ 
or subsequent activity in bioassays.
Bioassays
Bioassays to detect and estimate specific hormone activity in 
the plant extracts were based on the following techniques;
Oat coleoptile growth (Sirois, 1966) for auxin and inhibitor 
activity,
Cress germination (Paton et al., 1970) for inhibitor activity, 
Lettuce hypocotyl elongation (Frankland and Wareing, 1960;
Crozier et al., 1970) for gibberellin activity,
Radish cotyledon enlargement (Letham, 1971) for cytokinin 
activity,
Betacyanin formation (Biddington and Thomas, 1973) for 
cytokinin activity.
The methodology used here for each of these bioassays was:
Oat (Avena sativa L. cv. Victory) seeds were sterilised with 1% 
sodium hypochlorite, washed, and germinated on moist vermiculite in the 
dark at 25°C and a relative humidity of 85%. One day after planting, 
the seeds were exposed to two hours of red light to inhibit elongation 
of the first internode. Three days after sowing sections of coleoptile
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6 mm long were cut 3 mm below the tip with a two-bladed cutter. The 
segments were then floated on buffer (0.01 M KII^PO^, pH 4.5) for one 
hour to wash out endogenous auxin. All work was performed under a 
green safe light. Petri dishes (4 cm) containing paper strips and 
five coleoptile sections floated on 4 ml buffer were incubated for 30 
hours in the dark at 25°C. The sections were measured to within 5 ym 
on a Gaertner dual linear traversing microscope.
Ten or fifteen cress (Lepidium sativum L. cv. Blom's triple 
curled) seed were placed on paper strips, or Whatman No.l filter 
discs when eluted samples were tested, in 4 cm petri dishes and 4 ml 
distilled water was added. Germination counts were taken after four 
days incubation in the light at 25°C.
Lettuce (Lactuca sativa L. cv. Great Lakes) seeds were germinated 
for 24 hours in the dark on moist filter paper. Seven or ten seedlings 
with radicles 4-8 mm long were placed on paper R^ pads in 4 cm petri 
dishes; 4 ml distilled water was added and the seedlings incubated for 
three to four days in the light at 25°C. Hypocotyl lengths were 
measured on a scale to within 0.5 mm.
Radish (Raphanus sativus L. cv. Long Scarlet) seeds were soaked 
in 1% zephiran, sterilised in 1% sodium hypochlorite, washed, and 
germinated in the dark on wet filter paper. After 40 hours the smaller 
cotyledon was pinched off each seedling using fine forceps, bulked 
together, and six were placed upper surface downward in 4 cm petri dishes 
containing paper R^ segments and 2.5 ml 2 mM phosphate buffer (pH 5.8). 
After two days incubation at 30°C in the light the cotyledons were blotted 
dry and weighed to within 1 mg.
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Josephs’ coat (Amaranthus candatus L. cv. Tricolor Perfecta) seeds 
were germinated in the dark on moist filter paper for four days. The 
seed coats were removed under a green safe light and ten explants consist­
ing of the upper portion of the hypocotyl plus the cotyledons were trans­
ferred to 9 cm petri dishes containing paper segments and 5 ml of a 
0.01 M phosphate buffer (pH 6.3) - tyrosine (1 mg ml ^-potassium nitrate 
(1 mg ml )^ mix (Bottger, 1974). Samples were incubated in darkness 
for 24 hours after which explants were transferred to glass vials contain­
ing 3 ml distilled water. Betacyanin was extracted by means of three 
freeze-thaw cycles and the pigment concentration calculated from the 
difference in absorption at 542 and 620 nm read on a Unicam SP 1800 
spectrophotometer.
Dilution response curves were constructed over the endogenous range 
for each class of growth substance using authentic chemicals. In each 
bioassay plant extracts were replicated twice and controls determined on 
blank paper run in the same solvent system were replicated four times.
In bioassay histograms the average plant extract value for each 0.1 R^ 
is compared with control ±95% confidence limit values. Stock treatment 
differences in growth substance levels are statistically evaluated where 
possible by simple analysis of variance and compared by least significant 
differences at the 95% probability level (LSDq ^^).
RESULTS
Gibberellin Activity
Gibberellin-1ike activity in acidic ether fractions of (20g FW) 
root extracts of Byfield nursery-grown seedlings is shown in Figure 1.
FIGURE 1. Lettuce hypocotyl assay of the acid ether fraction of 20g FW root extracts of
P. caribaea seedlings grown in the Byfield nursery. Stock treatments included: 
A: untreated controls, B: root wrenched monthly, C: root wrenched fortnightly,
D: root wrenched weekly. Chromatograms run in 8:1:1, isopropanol:ammonia:water. 
Shaded areas lie outside the 9S% confidence limits of lettuce controls. Bioassay 
response to authentic gibberellic acid (GA^) is indicated on the right of the 
histograms.
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Two major zones of activity were found at 0.1-0.2 and 0.5-0.6 in
the extracts from all four stock types (untreated controls, and monthly,
fortnightly and weekly root wrenched plants). Authentic GA^ runs to
R^ 0.5-0.6 in Solvent I. The concentration of total gibberellin-like
activity in the acidic fraction was determined from a dilution-response
curve using GA^ (Table 2). Gibberellin activity is highest in the
untreated controls (136 yg GA kg ^ODW) and falls progressively with
-1increased root wrenching intensity to a low of 51 yg GA^ kg ODW in the 
weekly treated stock.
TABLE 2. Gibberellin-like levels (yg GA^ equivalents kg ^ODW) in 
Byfield nursery-grown P. caribaea seedling root extracts 
determined by the lettuce hypocotyl bioassay.
(All entries are the means of two replicates)
Stock Root Wrenching Treatment
Ether Fraction'*’
Unwrenched
Controls
Wrenched
Monthly
Wrenched
Fortnightly
Wrenched
Weekly
Mean^
(NS)
Neutral 141 100 41 43 81
Acidic 136 115 82 51 96
Mean
(LSD0.0S=41)
138 108 61 47
Neutral
+
Acidic
277 215 123 94
"^ "Neutral fraction partitioned at pH 7, acidic fraction 
partitioned at pH 3
^NS = Not significant
The neutral ether fractions of the same root extracts were also 
tested in the lettuce hypocotyl assay. Two active zones corresponding
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to those found in the chromatographed acidic fractions were again 
located (Figure 2). A decline in gibberellin-like activity is again 
associated with the more frequent root wrenchings. The mean total 
activity found in the neutral fraction, 81 yg GA^ kg ^ODW, closely 
approached that estimated in the acidic fraction, 96 yg GA^ kg ^ODW 
(Table 2) .
Total gibberellin-like levels (acidic plus neutral fractions) 
were significantly reduced by root wrenching with the largest reduct­
ion (66%) being found in the weekly treated stock (Table 2).
Since both acidic and neutral fractions contained significant 
gibberellin activity localised within the 0.1-0.6 zone“* , subsequent 
estimation of activity in (10g FW) extracts of glasshouse-grown 
Caribbean pine seedlings was determined from combined eluants of these 
acidic and neutral fraction R^s (Table 3). The stems of these seed­
lings contained less than half the gibberellin-like activity of foliage 
and roots, both of which contained approximately equal amounts. In 
all cases, however, stock conditioning treatments reduced the amount 
of gibberellin-like activity. Droughting of intact plants had the 
largest effect followed by the weekly root wrenching treatment.
Browning and Saunders (1977) have shown that the least polar 
gibberellin known, GA^ (Durley et al., 1972) runs no further than 
R^ 0.7 in 10:1:1 isopropanol:ammonia:water. Some masking of 
gibberellin activity, however, could occur at high R^s (0.6-1.0) 
due to the pressure of inhibitors.
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TABLE 3. Gibberellin-like levels (yg GA„ equivalents kg ODW) in the 
combined acidic plus neutral ether fractions of glasshouse- 
grown P. caribaea seedling extracts determined by the lettuce 
hypocotyl bioassay.
(All entries are means of two replicates)
Plant
Extract
Watered
+
Roots Intact
Watered
+
Roots Cut 
Monthly
Watered
+
Roots Cut 
Weekly
Droughted
+
Roots Intact
Mean
(LSD0 os^OS)
Foliage 385 370 156 143 264
Stem 144 96 103 78 105
Root 312 285 195 46 222
Mean
(LSDq . Öf!>17) 280 250 168 89
Cytokinin Activity
Preliminary tests indicated that all cytokinin activity was retained 
in the aqueous fraction of the extracts (cf. Hemberg, 1974). Cytokinin 
activity determined by the betacyanin assay in extracts from Byfield 
nursery-grown seedlings and by the excised radish cotyledon assay in 
extracts from glasshouse-raised stock is shown in Figure 3. Two zones 
of significant activity were detected by both bioassays, (i) an area of 
low mobility at or near the origin (R^ 0.1-0.2) which commonly gave the 
strongest response (maximum 70% of total activity), and (ii) an area of 
high mobility centred on 0.7-0.8 which co-chromatographed with 
authentic zeatin (Z) in Solvent II.
Further characterisation of these two zones was attempted.
Zone (i): The R^ segment 0.1-0.4 was eluted from two chromatograms, bulked, 
and hydrolysed at 35°C for four hours with Sigma type III-S E. coli
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FIGURE 3. (A) Betacyanin and (B) radish cotyledon assays of the aqueous fraction of 20g FW 
root extracts of P. caribaea seedlings grown in (A) the Byfield nursery and (B) 
the Canberra phytotron. Stock treatments represented are:l. unwrcnched controls,
2. root wrenched weekly, 3, watered controls, 4. weekly drought. Paper chromato­
grams run in butanol:ammoniarwater (6:1:2, upper phase). Shaded areas lie outside 
the 95% confidence limits of bioassay controls. Response to authentic 6-benzylamino- 
purine (BAP) is indicated to the right of the histograms.
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alkaline phosphatase (0.5 mg ml \  pH 9.5) (Gordon et al. , 1974).
Digests were partitioned with water-saturated butanol, the organic 
phase dried and rechromatographed in Solvent II. Activity in the 
betacyanin assay was strongest in the 0.7-0.8 area (Figure 4a), 
opposite a Z marker. In this solvent system Z and zeatin riboside (ZR) 
co-chromatograph (Gordon et al., 1974). Zone (ii) : The R^ . segment
0.6-0.9 was eluted from the same two chromatograms, bulked and redevelop­
ed in 0.03 M boric acid adjusted to pH 8.4 with 1M sodium hydroxide 
(Skene, 1972). The major response in the betacyanin assay lay in the 
R_P 0.7-0.9 region (Figure 4b). In this solvent Z and ZR are readily 
separated, R^ 0.5 and R^ 0.7 respectively (Skene, 1972).
Total cytokinin levels in extracts from each stock treatment 
were estimated in units of yg 6-benzylaminopurine (BAP) kg ^ODW (Table 
4). Conditioning treatments markedly decreased cytokinin activity in 
both foliage and root extracts. Stem tissues were not sampled. As 
with gibberellin activity, the larger the degree of stock disturbance the 
larger the decline in cytokinin level. Maximum reductions in activity 
were in the range of 52 to 67%.
Inhibitor Activity
Significant inhibition of cress germination occurred in all 
chromatographed neutral, acidic and hydrolysed fractions (see examples 
in Figure 5). The major area of inhibition was located within the 
’inhibitor-3’ zone (Bennett-Clark and Kefford, 1953), R^ 0.7-1.0. 
Authentic ABA ran at R^ 0.7-0.8 in Solvent I.
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FIGURE 5. Cress germination test of 20g FW root extracts of P. caribaea seedlings
raised in the Beerwah nursery. A. neutral, B. acidic, C. hydrolysed ether 
fractions. Stock treatments: 1. unwrenched controls, 2. root wrenched 
monthly, 3. root wrenched weekly. Chromatograms developed in 8:1:1, 
isop'ropanol: ammonia: water. Shaded areas lie outside the 95% confidence 
limits of cress controls. Bioassay response to authentic ABA is 
indicated on the right of the histograms.
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TABLE 4. Cytokinin levels (yg BAP equivalents kg ^ODW) in aqueous 
extracts from P. caribaea seedlings.
(All entries are means of two replicates)
o Stock Treatment^-
Extract A B C D Mean
Nursery Grown Plants
Roots 58 30 23 25 34
Glasshouse Grown Plants
Foliage 270 253 186 129 210
Roots 170 185 83 56 123
Mean^ 220 219 134 93
(LSY 0 5 = 91)
Byfield nursery stock, A: untreated controls, B: monthly root wrenched, 
C: fortnightly root wrenched, D: weekly root wrenched.
Glasshouse stock, A: untreated controls, B: monthly root severance,
C: weekly root severance, D: droughted weekly.
2Betacyanin bioassay used for nursery stock extracts. Radish cotyledon 
bioassay used for glasshouse stock extracts.
3Analysis confined to glasshouse plants.
Estimated levels of inhibitor activity for the neutral, acidic 
and hydrolysed fractions of 20g FW root, stem and foliage extracts from 
plants raised in the Beerwah nursery and receiving different stock con­
ditioning treatments are given in Table 5. The bioassay histograms of 
root extracts are shown in Figure 5. The results show:
(i) Slightly more than half (55%) of the total ’free' inhibitor 
activity, i.e. neutral plus acidic activity, was determined on 
average in the first partitioned fraction, the neutral fraction.
(ii) The level of previously 'bound’ inhibitor (Milborrow, 1970), i.e. 
that released by alkaline hydrolysis and subsequently partitioned 
into the hydrolysed fraction, was estimated at 36% of the total
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free inhibitor content.
(iii) The foliage contained significantly more free and bound inhib­
itor than stems which, in turn, had more than roots. Root 
systems possessed only 23% and 17% of the inhibitor activity 
of stems and needles respectively,,
(iv) Stock conditioning treatments significantly increased inhibitor 
levels in all tissues. The mean increase in free plus bound 
content, with respect to unwrenched controls, was 41% under the 
monthly root wrenching regime and 59% under the weekly treatment. 
For free inhibitor content alone the average rises were 59% and 
74% respectively. Effects of conditioning treatments were most 
pronounced on the free inhibitor content of roots and foliage 
where levels virtually doubled under the weekly conditioning 
schedule. In complete contrast to these results, Sweet and 
Rook (1972) measured a two-fold decrease in root inhibitor levels 
of nursery conditioned radiata pine seedlings.
TABLE 5. Inhibitor levels (yg ABA equivalents kg *0DW) determined by the 
cress germination test in extracts from P. caribaea seedlings 
raised in the Beerwah nursery. (All entries are means of two 
replicates)
Plant Segment: Roots Stem Foliage
Stock Root Wrench­
ing Treatment: Nil Month Week Nil Month. Week Nil Month Week
Ether Fraction
Acidic 31 65 94 216 321 373 358 534 518
Neutral 65 87 117 284 514 452 323 504 668
Hydrolysed 43 72 97 206 259 319 354 293 348
Main Effects: Acid. Neut. Hydro1. Root Stem Fol. Nil Month Week
Mean 279 335 221 75 327 433 209 294 332
LSD0.05 NS 69 122
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Inhibitor activity in 10g FW shoot (top 10 cm stem plus foliage) 
and root extracts of seedlings raised in the Byfield nursery was 
examined by germinating cress seeds on diluted eluants of the R^. 0.6- 
1.0 segment of chromatograms from neutral and acidic fractions of the 
plant extracts. Inhibitor content increased significantly in the 
shoots of root wrenched plants (up to a maximum of 2.6 times). Levels 
in the neutral fraction generally exceeded those in comparable acidic 
fractions, and roots again contained markedly less (c. 60%) free 
inhibitor than shoots (Table 6).
TABLE 6. Inhibitor levels (yg ABA equivalents kg ^ODW) determined by 
the cress germination bioassay in root and shoot extracts 
from P. caribaea seedlings raised in the Byfield nursery.
(All entries are the means of two replicates)
Stock root wrenching treatment
Plant
Segment
Ether
Fraction Nil Monthly Fortnightly Weekly
Mean
(LSDojtj5 )
Roots Acidic 46 42 88 111 72
Neutral 59 68 180 134 109
Mean
(LSD0.05=47)
53 - 55 134 120
Shoots
Acidic 122 291 182 422 254
Neutral 122 268 208 214 203
Mean
(LSD0.05=101)
122 280 195 318
Because of the difference between these results and those reported 
by Sweet and Rook (1972) for radiata pine, the inhibitor content of 
treated Caribbean pine was determined by the same bioassay system used 
by these authors. Chromatographed acidic fractions of 20g FW root
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extracts of both nursery-(Byfield) and glasshouse-grown plants were 
tested for inhibitor activity in the oat coleoptile straight growth 
assay (Figure 6). Again, root wrenching and droughting increased 
the amounts of inhibitor detected. Weekly root wrenching in the 
nursery resulted in a two-fold increase in inhibitor content 
(42 to 87 yg ABA kg"1 ODW).
Further characterisation of compounds active in the inhibitor-8 
zone from neutral, acidic and hydrolysed fractions was attempted 
in considerable detail and these studies are reported in Paper 3.
Auxin Activity
A positive auxin-like response was observed in the oat cole­
optile assay over the 0.3-0.5 zone of chromatographed acidic 
extracts of (20g FW) Caribbean pine roots (Figure 6). Authentic IAA 
ran at 0.3-0.4. No clear effects of conditioning treatments on 
auxin levels are apparent. On an ODW basis weekly root wrenched 
nursery-grown plants showed a 9% increase in auxin level over 
untreated controls (68 to 74 yg IAA equivalent kg 1 ODW), whereas 
droughted glasshouse-raised stock gave a 16% decrease in auxin relative 
to controls (172 to 144 yg IAA kg 1 ODW). These are small concentrat­
ion changes compared to those determined for other growth substances 
in Caribbean pine seedlings.
Auxin levels in the shoots of Caribbean pine seedlings were
not examined.
FIGURE 6. Oat coleoptile straight growth assay of 20g FW root extracts (acidic fraction) 
of P. caribaea seedlings grown in (A,B) the Byfield nursery or (C,D) the 
Canberra phytotron. Stock treatments included, A. unwrenched controls, B. root 
wrenched weekly, C. watered controls, D. weekly droughted. Chromatograms develop­
ed in 8:1:1, isopropanol:ammonia:water. Shaded areas lie outside the 95% confid­
ence limits of oat controls. Bioassay response to authentic IAA and ABA is 
indicated on the right of the histograms.
DISCUSSION
Gibberellins
Significant gibberellin-like activity was detected in both 
neutral (pH 7.0) and acidic (pH 3.0) ether soluble fractions from 
Caribbean pine extracts using the lettuce hypocotyl bioassay. Published 
gibberellin partition coefficients (Durley and Pharis, 1972) predict 
that some gibberellins, but not GA^ for instance, would be located in 
the neutral fraction using the partitioning schedule followed here.
No attempt was made to identify the gibberellins endogenous to the 
pine extracts. Significantly more GA activity was measured in the 
foliage and roots than in the stem (Table 3), a result not inconsistent 
with the hypothesis that gibberellin biosynthesis and interconversion 
occurs primarily at root apices and developing leaves (Crozier and 
Reid, 1971; Leopold and Kriedemann, 1975). The range in total GA 
concentration determined in these extracts, c. 40-400 yg GA., kg  ^ ODW 
corresponding to c.5-50 yg on a fresh weight basis, agrees well with 
that commonly found in other Pinus species (2-30 yg kg  ^ FW, see Dunberg, 
1974).
In this study, levels of gibberellin activity were clearly 
reduced by various stock conditioning treatments. Furthermore, the 
size of the reduction in gibberellin activity appears directly related 
to the degree of stock disturbance caused by each conditioning treat­
ment. For example, the level of gibberellin activity in bulked neutral 
plus acidic root extracts of nursery-grown plants was lowered 22% by 
monthly root wrenching, 56% by fortnightly root wrenching and 66% by 
weekly root wrenching (Table 2). A similar trend was observed in
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glasshouse-grown stock (Table 3). Two of the most likely explanations 
for this response are (i) the removal of active sites of gibberellin 
synthesis in the root tips and (ii) a drop in plant water status.
While each root wrenching operation does remove a proportion of 
existing root tips, the overall effect of this conditioning treatment 
is to promote a more fibrous and vigorous root system (Table 1; van 
Dorsser and Rook, 1972; Bacon and Hawkins, 1977). Under these circum­
stances it is difficult to imagine that periodic partial root tip 
removal is the primary cause of the gibberellin decline. Sweet et al. 
(1974) could find no correlation between root tip production and measured 
gibberellin levels in a study of the effects of defoliation and stem 
girdling on two-year-old Douglas fir seedlings. They suggested that 
the rate of gibberellin synthesis remained independent of root activity.
Conditioning pine seedlings by root wrenching and droughting does 
subject plants to periodic internal water deficits (Paper 1). Aharoni 
and Ben-Yehoshua (1975) and Aharoni et al.(1977) reported that an imposed 
water stress induced a significant decline in endogenous gibberellin- 
like substances in detached lettuce leaves. It is not unreasonable 
then to suggest that the reduced gibberellin levels observed in condit­
ioned Caribbean pine plants is caused by repeated reductions in plant 
water status. This interpretation of the results is strengthened by 
the fact that in an additional experiment, when previously untreated 
glasshouse-grown seedlings were droughted over a seven day period in a 
controlled environment cabinet (30°/25°C day/night temperature, 2.55/
1.58 kPa vapour pressure deficit, 12 hr photoperiod), the consequent 
drop in leaf water potential from -0.50 to -2.21 MPa was accompanied by
reductions of 49%, 58% and 80% in the GA levels of roots, stems and 
foliage respectively.
Cytokinins
Cytokinin concentrations in aqueous fractions of Caribbean pine 
root and foliage extracts were estimated to be within the range 
20-300 yg BAP kg  ^ODW. These values are 10 to 100 times lower than 
those estimated in Scots pine bud, needle and root extracts by 
Rogozinska (1967). No other published cytokinin levels for the Pinac- 
eae could be found, although Bottomley et al. (1963) and Jenkins (1971) 
recorded qualitative cytokinin activity in aqueous extracts of radiata 
pine stem cambial layers and seedling shoots.
Cytokinins with chromatographic properties resembling zeatin (Z), 
zeatin riboside (ZR) and zeatin ribotide (ZT) are those most frequently 
found in plant tissue and xylem sap extracts (Letham, 1967; Skene, 1975). 
Preliminary characterisation was made of the two major zones of 
cytokinin activity observed in the initial chromatograms (Figure 3). 
Nucleotides were sought in the zone of low mobility by hydrolysing with 
alkaline phosphatase and testing for riboside formation. The resultant 
bioassay (Figure 4a) revealed strong activity in the ZR zone and it 
seems possible, therefore, that ZT is present in the original R^O.1-0.3 
area. The mobile zone R^O.6-0.9 which co-chromatographed with Z in 
the initial separation was redeveloped in another solvent which separ­
ates Z and ZR. Bioassay response was strongest in the ZR zone 
(Figure 4b); a similar result was observed by Jenkins (1971) for 
radiata pine extracts. Thus the suggestion of Hewett and Wareing (1973) 
that the riboside is the usual form in which cytokinins arc transported
57
in broad-leafed species may also be applicable to pines.
Decreased cytokinin levels in pine tissues were associated with 
stock conditioning treatments (Table 4). Such reductions can be inter­
preted as primarily an effect of water stress. Itai and Vaadia 
(1965, 1971) and others (see reviews of Hsiao, 1973 and Itai and 
Benzioni, 1976) have amply demonstrated that endogenous cytokinin 
levels fall in response to droughting.
Inhibitors
All chromatographed neutral, acidic and hydrolysed fractions of 
Caribbean pine methanolic extracts contained the 'inhibitor-ß' zone 
first described in non-coniferous tissue by Bennett-Clark and Kefford 
(1953) and since found in acidic extracts of pine tissue by many 
workers - see reference lists in Jenkins and Shepherd (1972) and Steen 
(1972).
The total free inhibitor content (neutral plus acidic) of caribb-
-1ean pine tissues was estimated within the range 90-1200 yg ABA kg ODW.
This compares with 200-600 yg kg ^ODW found in radiata pine seedling 
stems (Jenkins, 1971) and 100-3500 yg kg ^ODW measured in Douglas fir 
seedlings (Blake and Ferrell, 1977). With rare exceptions (e.g.
Wodzicki, 1968) investigators have located the entire inhibitor activity 
of conifer tissue extracts in the acidic fraction (Steen, 1972). In 
this study, the ’neutral' inhibitor generally accounted for slightly 
more than half the total free inhibitor content. This result could 
arise from (i) the presence of previously undetected 'neutral' inhibitor(s) 
in Caribbean pine extracts and/or (ii) the leakage of some 'acidic' 
inhibitor(s) into the ether phase at the initial neutral pH partitioning.
This aspect is further investigated in Paper 3.
The Caribbean pine roots contained 77% and 83% less inhibitor 
per unit weight than stems and foliage (Table 5). Sweet and Rook 
(1972) also found (31%) less inhibitor in the roots than in the shoots 
of radiata pine seedlings. Milborrow and Robinson (1973) reported a 
similar gradient in the levels of the inhibitor, abscisic acid, in 
unstressed avocado tissues (540, 500 and 27 yg kg ^FW for leaves, 
stems and roots respectively). These data indicate that, relative to 
aerial tissues, roots may have a reduced' capacity for inhibitor synth­
esis .
Good evidence for the presence of a hydrolysable ’bound' inhibitor 
in pine tissue has been presented here (Table 5). The estimated mean 
percentage (36%) of conjugated inhibitor relative to total free inhibitor 
in these pine extracts is higher than that usually determined (10 to 
30%) (Milborrow, 1974b), but the proportion is known to vary widely 
with season (Harrison and Saunders, 1975; Wright, 1975) or stress 
situation (Hiron and Wright, 1973). Stored or bound inhibitors are 
known to play an important role in the overall inhibitor-economy of a 
plant (Milborrow, 1970).
A significant rise in inhibitor level was observed in conditioned 
Caribbean pine seedlings (Tables 5 and 6). The increase in inhibitor 
activity was detected in foliage, stem and root extracts from stock 
conditioned in three distinct environments and this reproducibility 
is a good indication that the response is real. Sweet and Rook (1972) 
in the only comparable study of this kind observed a significant two­
fold decrease in inhibitor levels in the roots of wrenched radiata pine
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seedlings. A similar, though non-significant, trend was evident in 
their shoot inhibitor levels. Thus the findings from the two studies 
are completely opposed. In seeking an explanation for this differ­
ence two points bear mention. Firstly, the Caribbean pine seedlings 
were subjected to more water stress cycles during conditioning than 
the radiata pine seedlings. The latter, for instance, received only 
one or two root wrenchings before harvesting while the Queensland- 
raised stock received between 5 and 17 wrenchings and the glasshouse- 
grown plants were subjected to four months of weekly drought cycles. 
Increases in inhibitor concentrations in Caribbean pine seedlings 
paralleled the degree of stock disturbance imposed (Tables 5 and 6). 
Secondly, for the radiata pine seedlings, only lateral roots and 
shoot tissue that had elongated in the current growing season were 
sampled. In the present study whole root and shoot systems were used. 
The effect of such a change in sampling location on inhibitor levels 
is not known.
The positive correlation evident between the intensity of 
stock conditioning applied and the level of inhibitor activity detected 
in Caribbean pine tissue extracts can be explained in terms of the 
well documented inhibitor-3 response to water stress. Wright (1969) 
first reported an accumulation of inhibitor-3 in excised wheat leaves 
allowed to wilt. The amount of inhibitor accumulated depended upon 
the period of water stress, the severity of the wilt and the temper­
ature. The induction of a dramatic increase in foliage inhibitor-3 
level by a leaf water deficit was confirmed by Wright and Hiron (1972) 
in whole wheat and bean plants. Lately a large literature has
(>()
developed on the build-up under stress conditions of one important 
constituent of the inhibitor-3 complex, abscisic acid (ABA) (Milborrow, 
1974b). A detailed investigation of ABA increases in Caribbean 
pine foliage following droughting is provided in Paper 4.
Auxin
Auxin-like activity was determined in acidic fraction root 
extracts by the oat coleoptile straight growth assay. This activity 
could have been due to indole-acetic-acid (IAA), the auxin most commonly 
isolated and identified in conifer aerial tissues (Shepherd and Rowan, 
1967; Alden, 1971; Jenkins and Shepherd, 1974; DeYoe and Zaerr, 1976; 
West, 1977). Scott (1972) details reports of IAA in a number of non­
conifer root systems. Endogenous concentrations in Caribbean pine 
roots were estimated between 60 and 180 yg IAA kg  ^ODW and lie in the 
mid-range of published values (DeYoe and Zaerr, 1976).
Unlike the large reproducible changes in gibberellin, cytokinin 
and inhibitor concentrations that accompanied stock conditioning treat­
ments, alteration in auxin-like levels was relatively small and variable. 
In one instance (nursery-grown stock), levels were increased under 
stress conditions, in the other (glasshouse grown stock) they were 
reduced. In both examples the changes were small (16% or less). Sweet 
and Rook (1972) could find no change in the promoter content of their 
root wrenched radiata pine seedlings when tested in this same bioassay.
The sparse literature on water stress effects on auxin activity 
likewise presents a confused picture. Unfortunately, no critical 
experiments directly relating endogenous auxin level to plant water
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potential have been made. Jenkins and Shepherd (1974) recorded a 
dramatic rise in the IAA level of radiata pine stem cambial tissues 
during a two week drought under field conditions. They found 
support for this response in some early literature on seasonal IAA 
changes in apple shoots. In contrast, Whitmore and Zahner (1966) 
could find no significant change in cambial IAA content in droughted 
25-year-old red pines.
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PAPER 3
CHANGES IN GROWTH SUBSTANCE LEVELS ASSOCIATED WITH 
THE CONDITIONING OF PINUS CARIBAEA MOR. VAR. 
HONDURENSIS B.§G. SEEDLINGS TO WATER STRESS. II. 
IDENTITY OF NEUTRAL, ACIDIC AND HYDROLYSED FRACTION
INHIBITORS
ABSTRACT
Inhibitor-ß zones were detected by bioassays of paper chromato­
graphs of neutral (pH 7.0), acidic (pH 3.0) and hydrolysed fractions 
of methanolic extracts of conditioned and non-conditioned Caribbean 
pine seedlings (Paper 2). The principal inhibitory component(s) in 
these zones was further characterised by thin layer chromatography 
followed by derivatisation and gas-liquid chromatography (GLC).
The neutral fraction contained abscisic acid (ABA) (66% of 
neutral fraction activity), xanthoxin (XAN) (10%) and methyl-abscisate 
(me-ABA) (24%) . The partition coefficient for ABA between water 
(pH 7.0) and diethyl ether was determined experimentally at 1.15, and 
this accounts for the presence of ABA in the neutral fraction. XAN 
has not previously been reported in conifer tissue. me-ABA presumably 
arose from methanolic hydrolysis of conjugated (bound) ABA.
All the inhibitor activity in acidic and hydrolysed fractions 
was due to ABA. The identity of ABA was confirmed by GLC-mass spectro­
metry.
Of the total free (i.e. neutral plus acidic) inhibitor activity
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80% was attributed to ABA, 14% to me-ABA, and 6% to XAN.
In confirmation of the earlier bioassay data these GLC measure­
ments showed that conditioned plants accumulated more ABA than non- 
conditioned stock and that roots contained less ABA than foliage.
In contrast to ABA, the level of XAN in the foliage was virtually 
unchanged by water stress. No XAN could be detected in pine roots.
INTRODUCTION
The presence of an inhibitor-8 zone (Bennett-Clarke and Kefford, 
1953) in paper chromatographed neutral (pH 7.0), acidic (pH 3.0) and 
alkaline hydrolysed fractions of Caribbean pine seedling extracts was 
demonstrated in the first paper of this series (Paper 2). A knowledge 
of the endogenous inhibitor(s) involved is basic to an understanding of 
the stock conditioning process and response. This is particularly 
relevant here where inhibitor levels have been shown to increase marked­
ly in Caribbean pine seedling tissues under the influence of stock 
conditioning treatments (Paper 2)„ Changes in inhibitor concentrations 
and the resulting alterations in promoter-inhibitor balances are 
thought to play a role in the regulatory control of plant response to 
induced water stress (Itai and Benzioni, 1976).
Milborrow (1967) demonstrated that the major growth-inhibitory 
material associated with the acidic inhibitor-8 zone in extracts from a 
number of plant species and tissues is abscisic acid (ABA, Figure 1). 
Dorffling (1972, 1974), however, has cautioned against the now common 
practice of equating inhibitor-8 activity wholly with ABA activity.
He quotes a number of instances where researchers have determined
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significant non-ABA activity in the ’inhibitor-3 complex'.
These warnings are perhaps even more applicable in relation to 
the characterisation of neutral fraction inhibitor-3 zones. Some 
natural inhibitory compounds, e.g. alkaloids, phenolic acids, even pine 
resin, have long been recognised in such fractions (Hemberg, 1961; 
Wodzicki, 1968; Ginzburg, 1973). Recently a new neutral inhibitor, 
xanthoxin (XAN, Figure 1), with biological activity comparable in many 
tests with ABA, has been discovered (Taylor and Burden, 1972).
Furthermore, Milborrow and Mallaby (1975) have pointed out the need to 
re-examine some previously reported occurrences of neutral inhibitors 
in plants because some of the inhibitory activity may be attributable 
to methyl-abscisate (Me-ABA, Figure 1) formed as an artifact of 
methanol extraction.
Inhibition in alkaline hydrolysed extracts has invariably been 
shown to be due to ABA (Milborrow, 1970). All chemical characterisat­
ions of the ABA donor compound (Koshimitzu et al., 1968; Milborrow,
1970; Rudnicki and Pieniazek, 1971) have identified it as the glucosyl 
ester of ABA (conjugated or bound ABA, Figure 1).
This paper reports on the purification and identification by 
rigorous chemical techniques of the major inhibitory compounds present 
in methanolic extracts of Caribbean pine tissues.
MATERIALS AND METHODS
Chemicals
Racemic abscisic acid comprising a 1:1 mixture of the cis-and trans­
isomers ((±)-ABA and (±)-t-ABA) was purchased from Sigma Chemical Co.
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FIGURE 1. Chemicäl structures of (1) abscisic acid (ABA) (2) methyl
abscisate (3) xanthoxin (4) O-acetyl xanthoxin (5) abscisyl- 
ß-D-glucopyranoside (conjugated ABA)„
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(St Louis, USA). Methyl esters were derived (see below) in the labor­
atory. Free and 0-acetyl xanthoxin (Figure 1) isomers were a generous 
gift from Dr H.F. Taylor (Wye College, Kent). All reagents were AR 
grade and solvents were glass distilled prior to use. Early problems 
with acetylation were solved by using silylation grade pyridine (Pierce, 
Rockford, Illinois).
Initial Extraction
Expanded details of the initial extraction, partitioning, and 
paper chromatography schedule adopted from Bachelard and Wightman (1973) 
are given in Paper 2 together with treatment histories of the Caribbean 
pine plant material used. Briefly (cf. Figure 2), methanolic extracts 
of frozen plant tissue were partitioned into three ether soluble 
fractions; the neutral, acidic and basic fractions. A further fraction, 
the hydrolysed fraction, was obtained from alkaline hydrolysis of the 
aqueous residue (after Milborrow, 1970). All fractions were chromato­
graphed on paper in isopropanol:ammonia:water (8:1:1 by volume). Air 
dried chromatograms were divided into ten equal transverse strips 
(0.1 R^ s) and tested in various bioassays (Paper 2). Here, where 
further characterisation of the inhibitor-3 zone was sought, paper seg­
ments corresponding to R^ 0.6 to 1.0 inclusive were bulked and eluted 
overnight (3°C) in 80% methanol prior to solvent evaporation and thin 
layer chromatography (TLC).
Thin Layer Chromatography
TLC was carried out on 20 x 20 cm glass plates coated (c.250 ym 
thick) with Silica Gel HF^^^ which includes a fluorescent indicator.
Frozen plant material homogenised in 80% 
methanol and extracted overnight (3°C)
Filtered through Buchner funnel
Filtrate evaporated at 35°C under partial 
vacuum
Residue taken up in 1 M phosphate buffer 
and pH made 7o0
Partitioned 3X with
— ^diethyl ether: --
NEUTRAL FRACTION
Aqueous phase: 
pH adjusted to 3.0 
and partitioned 3X 
with diethyl ether: 
ACIDIC FRACTION
Aqueous phase:
Basic fraction partit­
ioned off at pH 11.0, 
and aqueous residue 
hydrolysed at 60°C for 
30 min, pH readjusted 
to 3.0 $ partitioned 
3X with diethyl ether:
ALL FRACTIONS
Paper chromatography (8:1:1)
R^0.6 to 1.0 eluted with 80% methanolITLC (Solvent 1)
Zone opposite ABA marker eluted with 
water-saturated ethyl acetate1Methylation with diazomethane 
TLC (Solvent IV)
Zone opposite me-ABA marker eluted 
with water-saturated ethyl acetate1GLC : 2% OV-17
HYDROLYSED FRACTION
FIGURE 2. Flow sheet outlining procedures routinely used in extraction, 
purification and quantification of abscisic acid from 
Caribbean pine tissues.
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The dried eluates from paper chromatography were taken up in 0.5 ml 
ethyl acetate, applied to the plates as thin streaks and developed over 15 
cm in an appropriate solvent (Table 1) in sealed, solvent-saturated 
glass tanks. Ten equal zones were scraped off and each eluted three 
times with water-saturated ethyl acetate (5 ml) following vigorous 
mixing on a Vortex-Genie tube vibrator. The centrifuged eluants were 
transferred to 4 cm petri dishes containing filter discs and dried 
under a stream of nitrogen ready for bioassay. In other runs, the 
bioassay step was omitted and attention focussed wholly on the zones 
opposite ABA, me-ABA and XAN marker spots (identified as quenching bands 
under UV light). These areas were eluted in the manner previously 
described for further TLC or derivitisation.
TABLE 1. Thin layer chromatography solvent systems used to purify and
separate abscisic acid 
derivatives
(ABA), xanthoxin (XAN) and their
Mean Rf Value^
Solvent System ABA me-ABA XAN 0-acetyl XAN
I Chloroform:ethyl acetate: 
acetic acid (60:40:5)
0.40
(0.47)
0.57 1 0.38
II n-Butanol:n-propanol: 
ammonia:water (2:6:1:2)
0.49
III Toluene:ethyl acetate: 
acetic acid (50:3:4)
0.33
(0.39)
IV Hexane:ethyl acetate(l:l) 0.06 0.47 0.17 0.58
V Hexane:ethyl acetate(1:2) 0.12 0.68 0.34
VI Petroleum spirit (40°-70°C): 
acetone (4:1)
0.02 0.18 0.09 0.30
VII Petroleum spirit (40O-70°C): 
acetone:ethyl acetate 
(75:22:3)
0.45
t-ABA Rps in parentheses.
All TLC carried out on 20x20 cm plates coated (c.250 ym thick) with Sil­
ica Gel GF254. Plates were developed to 15 cm in saturated sealed tanks.
Derivitisation
Methyl esters of ABA were prepared by reaction with ethereal diazo­
methane (Schlenk and Gellerman, 1960) and rechromatographed in solvent IV 
prior to bioassay or analysis by gas-liquid chromatography (GLC). XAN was 
acetylated with acetic anhydride using pyridine as the catalyst (Firn et 
al.,1972), then developed in solvent VI or VII before bioassay or GLC.
Gas-Liquid Chromatography
ABA in extracts was analysed using a Varian 2100 gas chromatograph 
fitted with a scandium electron-capture detector. A silanised glass column 
(180 x 0.3 cm) was packed with 2% OV-17 on acid washed, dimethyldichloro- 
silane-treated Chromosorb W and preconditioned for 48 hours at 300°C.
Normal operation was isothermal, column temperature 265°C, injection port 
250°C and detector 280°C. The flow rate of the nitrogen carrier gas was 
23 ml min ^. Under these conditions the cis and trans-isomers of me-ABA 
had retention times of 8.0 and 9.5 minutes respectively (Figure 3). Some 
plant samples were re-run under changed GLC conditions, e.g. alternative 
stationary phase (5% OV-17) or different temperature settings, to confirm 
their co-elution with authentic ABA. Sample dilution with ethyl acetate 
was used in preference to signal attenuation if an injection provided an 
excessive amount of ABA. A peak-height calibration curve using the range 
0-1.5 ng methyl abscisate was then suitable for all samples. The amplified 
output was recorded on a Rikadenki 0-1 mv full scale deflection recorder. 
The power limit of detection was 50 pg ABA per injection.
Xanthoxin in plant samples was determined in the same gas chromato­
graph refitted with a flame ionisation detector. The. stationary phase was 
2% OV-17. The nitrogen flow was 40 ml min and the column temperature 
held constant at 220°C. The cis-and trans-0-acetyl xanthoxin isomers had 
retention times of 9.5 and 11.1 minutes respectively (Figure 4). Samples 
were re-run under changed temperature and flow rate conditions to confirm
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12 6 012 6 0 12 6 0
RETENTION TIME (min)
FIGURE 3. Gas chromatograms of A: acidic fraction from P. caribaea 
root extract* B: isomeric ABA and C: hydrolysed fraction 
from root extract. Peak identity, 1:methyl-cis-abscisate 
2: methyl-trans-abscisate, Column temperature 265°C, 
stationary phase 2% 0V-17„
DETECTOR RESPONSE
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12 6 0 12 6 0
RETENTION TIME (min)
FIGURE 4. Gas chromatograms of A: isomeric xanthoxin, and B: neutral 
fraction from P. caribaea shoot extract. Peak identity, 
1: cis-O-acetyl xanthoxin, 2: trans-O-acetyl xanthoxin. 
Column temperature 220°C, stationary phase 2% OV-17.
DETECTOR RESPONSE
the presence of XAN. Quantitative estimation was by comparison 
of the relevant peak area with that of a known quantity
of standard 0-acetyl XAN. The lower limit of detection was 6000 pg
XAN per injection.
Gas-Liquid Chromatography-Mass Spectrometry
Combined GLC-MS of methylated ABA and acetylated XAN samples 
was carried out on a Varian 111 Mat instrument. The stationary phase 
was again 2% OV-17. For plant-ABA analysis column temperature was 
programmed over the range 220°-250°C at 6°C min \  and with a helium 
carrier flow rate of 10 ml min  ^ retention times were 6.0 and 6.8 min­
utes for the cis- and trans-isomer. Column temperature was held constant
at 190°C for detection of authentic XAN and retention times were 8.9
and 10.4 minutes for the cis-and trans-isomer. The instrument scans 
at 100 masses sec
Bioassay
Eluted Silica Gel zones were tested for the presence of inhibitor­
like compounds in the cress (Lepidium sativum L.) seed germination test 
(Paper 2). The test is sensitive to ABA, XAN and their derivatives 
(Taylor and Burdon, 1972; Milborrow, 1974b).
Routine ABA and XAN Estimation
Once the experiments on inhibitor identification were completed, 
ABA and XAN levels were routinely determined in pine tissue following 
the schedules listed in Figures 2 and 5 respectively. The XAN schedule 
was modified from Firn et al. (1972) and included a new purification 
step on a polyvinylpyrrolidone (PVP) column. PVP has been used to 
advantage in ABA and gibberellin purification (Glenn et al., 1972).
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Frozen plant material homogenised in 80% 
methanol and extracted overnight (3°C)I
Filtered through Buchner funnel1Partitioned 3X with petroleum spirit (40-70 C)
\
Aqueous methanol phase: Organic solvent 
evaporated, pH adjusted to 802
\
Partitioned 3X with ethyl acetate
l
Organic phase: Dried under partial vacuum, 
residue taken up in M/75 KH^PO^l
Polyvinylpyrrolidone (PVP) columnl
pH of collected fractions adjusted to 8.2 
and partitioned 3X with ethyl acetateI
TLC (Solvent V)
Zone opposite XAN marker eluted with 
water-saturated ethyl acetate
I
Acetylated with acetic anhydride
1
TLC (Solvent VI)
i
Zone opposite 0-acetyl XAN marker eluted 
with water-saturated ethyl acetate
1
GLC : 2% OV-17
FIGURE 5. Flow sheet of procedures employed in the extraction 
and quantification of xanthoxin from Caribbean 
pine tissues
7-1
_1_____I_______ I__ I___ I______ I
20 40 60 80 100
FRACTION ELUTED (ml)
FIGURE 6. Elution volumes of xanthoxin from a 12x2 cm, 
60-120 mesh PVP column. Elution made with 
M/75 KH^PO^ (pH 4.8). Absorption read on a 
double beam Unicam SP 1800 spectrophotometer. 
96% of XAN recovered in the 40-70 ml fraction.
Preliminary tests showed that 96% of XAN eluted from PVP in M/75 
KH^PO^ (Figure 6).
ABA Partitioning
Coefficients (K ) for ABA partitioning between distilled water 
held at seven pH values and diethyl ether were determined as,
= Molarity in aqueous phase = a-b 
Molarity in organic phase b
where a = initial molarity of ABA in the aqueous phase
and b = molarity of ABA in the organic phase after three 
vigorous shakings.
Each water sample (10 ml) contained 40 yg ABA and was partitioned 
against 1.5 volumes of ether. After partitioning each phase was 
evaporated, taken up in 3 ml of acidic (Il^ SO^ ) ethanol, absorption 
read at 252 nm on a Unicam SP 1800 double beam spectrophotometer, 
and molarity (M) calculated from the formula,
A
M = eb
where A = absorption
e = molar absorptivity (21,400 after Milborrow, 1974b)
b = cell width (1 cm).
RESULTS
Characterisation of Acidic Fraction
Inhibitor-B zones from paper chromatograms of acidic fractions 
(20g FW equivalent) were eluted and subjected to TLC in solvents I,
II and III. Bioassay tests revealed that inhibitor-like activity 
was confined to areas opposite ABA markers (Table 2). Next, two 
samples were methylated after TLC in solvent I and rechromatographed 
in solvent V. Again inhibitor activity in bioassay was localised 
opposite the me-ABA marker at 0.68. Methylated samples were then 
analysed by GLC and the natural inhibitor co-chromatographed with me-ABA 
(Figure 3). A number of methylated plant samples were bulked and sub­
jected to GLC-MS. The spectrum produced was identical in all major 
respects (M+ at m/e 278 and base peak at m/e 190) with that of me-ABA
(Most et al., 1970).
TABLE 2. Results of cress germination bioassays of acidic fractions 
of 20g FW P. caribaea extracts following TLC in three 
solvent systems^
Rf
Extract Solvent 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 ABA
I * •k k  k * 0.41
Foliage II k ** 0.49
III k  k k 0.30
Stem
I k * 0.47
III k k 0.33
I k 0.45
Root III k 0.36
Solvent composition given in Table 1
•k
Germination 50-75% of controls
Germination 25-50% of controls
Characterisation of Hydrolysed Fraction
The investigation of inhibitors present in the 0.6-1.0 zone of 
chromatographed hydrolysed fractions paralleled that described for the 
acid fractions above. TLC, GLC and GLC-MS data indicated that ABA was 
the sole inhibitor released from aqueous fractions by alkaline hydrolysis.
Characterisation of Neutral Fraction
Preliminary tests had indicated that samples of large fresh weight 
equivalents were necessary for complete characterisation of inhibitors 
in this fraction. Accordingly two bulked extracts (60g FW each) from 
foliage and stems were used. The eluate from paper inhibitor-3 zones 
was developed in TLC-solvent V and half of each plate used in bioassay.
There were two zones of inhibitor activity located at 0.1-0.3 and 
R^ 0.6-0.7 (Figure 7A). Authentic ABA, XAN and me-ABA ran at R^s 0.09, 
0.29 and 0.58 respectively. From the remaining half of each plate 
three zones were eluted; (i) from origin to R^ 0.15, (ii) from R^ 0.15 
to 0.35, and (iii) R^ 0.6 and 0.7. Each zone was subjected to 
separate characterisation as follows:-
Zone (i): Rechromatographed in solvent I and half the chromato­
gram bioassayed. Inhibition of cress germination occurred opposite 
the ABA marker (Figure 7B). A broad zone centred on the ABA marker 
was removed from the remainder of the chromatogram, methylated, redev­
eloped in solvent IV and the band opposite an me-ABA marker analysed by 
GLC. ABA was positively identified.
Zone (ii) : The eluate was acetylated and run on TLC in solvent 
VII. Half the plate was used in bioassay. Two inhibitor zones were 
located at R^ 0.1-0.2 and R^ . 0.5 (Figure 7C). Acetylated XAN ran at 
R^ 0.45. Both active areas were eluted from the rest of the chromato­
gram and subjected to gas chromatography. XAN was found in the more 
mobile zone when both replicates were bulked (Figure 4). No peaks 
separated out from a broad solvent front in the GLC trace of the polar 
zone extract. It was reasoned that some ABA could have been included 
in the original zone (ii) band. Consequently, a further zone (ii) was 
reisolated and developed in solvent I. Half the plate was bioassayed 
and germination inhibition detected at R^ 0.4-0.6. XAN ran to R^ 0.36 
and ABA to R^ 0.45. The retained R^ 0.5 and 0.6 zones were eluted, 
methylated, run on TLC (solvent IV), and the band corresponding to a 
me-ABA marker examined by GLC. ABA was present.
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FIGURE 7. Cress bioassay histograms. A: neutral fraction inhibitor-ß zone from paper
chromatogram of 30g FW P. caribaea shoot extract rerun on TLC-Solvent V. B: Zone 
(i) from half duplicate chromatogram A redeveloped on TLC-solvent I. C: Zone (ii) 
from A redeveloped on TLC-solvent VII. D: Zone (iii) from A redeveloped on TLC- 
solvent IV. Shaded areas lie outside the 95% confidence limits of cress controls. 
Co-chromatographed marker spots are, 1. ABA, 2. XAN, 3. me-ABA, 4. acetylatcd XAN. 
Bioassay response to authentic ABA is .shown on the right hand side.
Zone (iii): After TLC in solvent IV half the chromatogram was
bioassayed. Inhibitor activity was located opposite the me-ABA 
marker at 0.5 (Figure 7D). The corresponding area on the other 
half of the plate was eluted and run directly (i.e. without methylat- 
ion) through GLC. ABA was detected.
A balance sheet of inhibitor activity (yg ABA equivalents kg ^
FW) at each stage of separation of the neutral inhibitors was determined 
(Figure 8). Of the total inhibition in the neutral plus acidic fract­
ions, XAN accounts for 6%, me-ABA for 14% and ABA for 80%.
ABA partitioning
In view of the unexpected finding (cf. Bachelard and Wightman, 
1973) that ABA readily partitions into the ether phase at pH 7.0, the 
ideal partition coefficients for ABA between ether and water at a 
range of pHs was calculated. Values are presented in Table 3. After 
this work was completed Ciha et al. (1977) published similar data. They 
consistently found over the whole pH range tested, that less ABA 
partitioned into the ether phase than was monitored in this study 
(Figure 9)0
TABLE 3. Partition coefficients (K^ ) for ABA at seven pH values when 
partitioned three times between water and one and a half 
volumes of diethyl ether
pH of Aqueous Phase
3.0 4.0 5.0 6.0 7.0 8.0 9.0
Kd 0.031 0.04 0.07 0.55 1.15 2.34 22.92
(2.8)2 (3.8) (6.2) (35.3) (53.4) (70.1) (95.8)
Entries are means of two replications
Values in parentheses show the percentage of ABA remaining in the 
aqueous phase (Kfj x 100) .
Kd+1
2
HO
R^O.1,0.2,0.3 
(ABA + XAN)
Rf0.6,0o7
(me-ABA)
Neutral fraction inhibitor-3 zone 
eluted from paper chromatogram 
and redeveloped on TLC (Solvent V)
h h
Chromatogram
87yg
22yg
Zone (i) from origin to R^O.15
TLC (Solvent 1)
R^O o4,0.5,0o6 : 45yg
(ABA)
■"Zone (ii) from R^O. 15 to
TLC (Solvent VII)
Rf0.1,0.2 : 36yg
(ABA)
Rf0.5 : 12yg
(XAN)
Zone (iii) R^O.6 plus 0.7
TLC (Solvent IV) 
R^O.4,0.5 : 29yg
(me-ABA)
FIGURE 8. A balance sheet of specific inhibitor activity (yg ABA 
equivalent kg  ^ FW) determined by cress bioassay in the 
neutral fraction of P. caribaea shoot extracts. Mean 
of two replications. The corresponding acidic fraction 
contained 84yg ABA.
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pH
FIGURE 9. P a r t i t i o n i n g  o f  ABA between d i e t h y l  e t h e r  and
w a te r  a t  d i f f e r e n t  pHs. The r e s u l t s  o f  Ciha e t  a l . 
(1977) ( □ ) a r e  compared with  t h o se  o f  t h i s
s tu d y  ( ■ ) .
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GLC-Derived ABA Levels
Duplicate samples of extracts of foliage and roots of Beerwah 
nursery-raised plants used for cress bioassay of inhibitors (see Table 
5 of Paper 2) were further purified according to the schedule of 
Figure 2 and analysed for ABA by GLC. The GLC data substantiate the 
earlier bioassay findings that ABA accumulated in conditioned stock.
A comparison of ABA levels estimated by bioassay and GLC is given in 
Figure 10. GLC-measured ABA levels of acidic and hydrolysed fractions 
are about 50% of comparable bioassay-measured levels and this figure 
falls to c.25% in the neutral fraction samples.
Two clean paper chromatograms previously run in isopropanol: 
ammonia:water were spiked with ABA and committed to the routine purific­
ation schedule of Figure 2. ABA recovery at the GLC stage was 39% and 
51%o The GLC-bioassay discrepancy in non-neutral fraction samples can 
be explained by these data. The added loss in neutral fraction samples 
can be attributed to the presence of me-ABA and XAN in these samples 
(cf. Figure 8). Contributions from both me-ABA and XAN are included 
in bioassay of paper chromatograms but they are not isolated in the 
routine ABA-GLC schedule (Figure 2).
Xanthoxin Levels in Droughted Tissues
Glasshouse-grown Caribbean pine seedlings subjected to an eight 
day drought (visibly wilted) were harvested together with well watered 
controls and two replicate 40g FW samples of foliage and roots were 
extracted for XAN according to the schedule given in Figure 5. No XAN 
could be detected by GLC in root tissue extracts. XAN levels (cis-and
uCdLUQIOuo
Icn
cn
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FOLIAGE
ROOT
BIOASSAY-DERIVED ABA 
(vig Kg-1 ODW)
FIGURE 10. Relationship between GLC-derived and bioassay-derived
ABA levels in (o) acidic (■) neutral, and (□) hydrolysed 
fractions of root and foliage extracts of Caribbean 
pine. The 50% and 25% lines have been drawn.
trans-isomers combined) in stressed and non-stressed foliage extracts were 
97 and 107 yg g ^ODW (28 and 21 yg kg '''FW) respectively. An attempt at 
GLC-MS of the bulked acetylated XAN samples failed, presumably because the 
quantity of XAN present was below the instrument threshold. A minimum 
injection of 1.6 yg of authentic XAN was necessary to obtain a distinct 
spectrum trace.
DISCUSSION
Characterisation of the active constituent(s) in inhibitor-6 zones 
of paper chromatograms of Caribbean pine extracts was most successful. 
Eluted inhibitor-6 zones were subjected in sequence to a number of TLC 
developments and accompanying bioassay tests, appropriate derivatisation, 
further combined TLC-bioassay, and finally GLC analysis. In all systems 
the natural inhibitor(s) co-chromatographed with authentic markers.
ABA was unequivocally identified by GLC-MS. Activity due to the natural
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inhibitor(s) in bioassay was confirmed by GLC-determined concentrations 
after allowing for purification losses.
Acidic and Hydrolysed Inhibitor
ABA accounted for all the inhibitory activity in the acidic and 
hydrolysed ether soluble fractions. A similar result has been obtained 
in non-coniferous tissue by Milborrow (1967). In contrast, Jenkins and 
Shepherd (1972) found two inhibitory zones on electrophoretograms of the 
acidic inhibitor-3 complex from radiata pine stems. The mobile inhibitor 
was subsequently identified as ABA, while the zone remaining at the 
origin was not characterised.
Neutral Inhibitors
Of the total inhibitor activity in the neutral fraction, 66% was 
attributed to ABA, 24% to me-ABA and 10% to XAN (Figure 8).
The substantial leakage (29-56%) of free ABA from the aqueous 
phase during the initial partitioning of plant extracts at pH 7.0 was 
checked by determining partitioning coefficients for ABA between water 
and diethyl ether. Under these ideal conditions 47% of ABA was 
recovered in the ether phase at neutral pH. Ciha et al. (1977) in a 
similar test recovered only 15%. The discrepancy between the two sets 
of data may lie in the fact that the present study employed three 
vigorous shakings in 1.5 volumes of solvent at each partitioning, whereas 
Ciha et al. (1977) partitioned once only in an equal volume of ether.
A search of the literature revealed a number of instances where 
paper chromatographed neutral (pH 7.0) fractions of alcoholic plant
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extracts were shown to contain ABA. Goldschmidt and Monselise (1968) 
in fact used this property of ABA to separate it from growth promoters 
in citrus shoot extracts. Their Figure 2 indicates that greater than 
75% of added ABA was relocated in the neutral chromatogram. Barnes 
and Light (1969) reinvestigated early reports of a neutral inhibitor in 
lima beans and identified it as ABA. More recently Higgins and Bonner 
(1974) reported appreciable cross contamination of ABA between neutral 
and acidic ether fractions from young pea plant extracts. This 
evidence clearly demonstrates the need to examine neutral ether fract­
ions for ABA activity.
While the presence of methyl-abscisate in neutral fractions has 
been amply demonstrated here, it cannot be accepted as a natural constit­
uent of pine extracts in view of the recent finding by Milborrow and 
Mallaby (1975) that methanolysis of conjugated ABA freely occurs under 
neutral or basic conditions. The proportion of me-ABA relative to 
total free ABA measured in pine shoots (14%) is, however, much lower 
than that estimated by Milborrow and Mallaby (1975) in avocado fruit 
extracts (up to 38%) and that determined by King et al. (1977) in morn­
ing glory stem apices (up to 50%). This probably reflects both a 
shorter methanol extraction time and lower pH of crude extracts of pine 
tissue. Substantial amounts of ABA released by alkaline hydrolysis can 
still be measured in pine extracts (Paper 2, cf. Milborrow and Mallaby, 
1975)o
Xanthoxin has not previously been detected in conifer tissues.
It occurs in unstressed Caribbean pine foliage extracts in the propor­
tion 3:40 with ABA. None could be detected in root tissue extracts.
Firn et al. (1972) similarly found young shoots to be richest in XAN,
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but when present its concentration approximated that of ABA. These 
authors also point out that cis-xanthoxin is accompanied by larger 
quantities of its relatively inactive trans-isomer; a result obtained 
here (Figure 4). The situation with ABA isomers is reversed (Figure 
3). Foliage XAN levels, in contrast to ABA levels, remained unchanged 
following the imposition of a plant water stress in Caribbean pine 
seedlings. A similar result has been reported by Zeevaart (1974) and 
Burden and Taylor (1976) in broad-leafed species.
GLC analysis has conclusively shown that conditioned plants 
contain more ABA than non-conditioned stock, and also that pine roots 
have less ABA than foliage tissue (Figure 10, cf. Tables 5 and 6 in 
Paper 2). Hoad (1975) has suggested that ABA is synthesised in 
foliage tissue and is redistributed via the vascular system. Milborrow 
(1974a) and Loveys (1977) recently demonstrated ABA synthesis in leaf 
chloroplasts. Nevertheless, ABA synthesis in both excised and intact 
root systems of various species has been reported (Barr, 1973; Walton 
et ai., 1976; Hartung, 1977) although under some circumstances at a 
rate well below that attained in aerial tissues (Milborrow and Robinson,
1973).
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PAPER 4
CHANGES IN GROWTH SUBSTANCE LEVELS ASSOCIATED WITH 
THE CONDITIONING OF PINUS CARIBAEA MOR. VAR. 
HONDURENSIS B.& G. SEEDLINGS TO WATER STRESS.
III. ACCUMULATION AND CONVERSION OF ENDOGENOUS 
ABSCISIC ACID
ABSTRACT
Previous studies (Papers 2 and 3) demonstrated that conditioned 
Caribbean pine seedlings contained significantly higher concentrations 
of the inhibitor, abscisic acid (ABA), than non-conditioned plants.
This study examined the accumulation and conversion of endogenous ABA 
in the foliage of conditioned and non-conditioned glasshouse-grown 
(24/19°C, 1.19/0.33 kPa VPD) plants, particularly in relation to 
changes in leaf water status, following their transfer to a desiccat­
ing environment in a growth cabinet (30/25°C, 2.55/1.58 kPa VPD).
Conditioned stock survived at least 19 days of the cabinet drought 
during which time leaf water potential (i|^ ) fell to -2.85 MPa. In 
contrast, non-conditioned stock failed to recover from 15 days of 
drought (\p^  -2.75 MPa).
Large increases (80 to 100-fold) in the content of ABA and its 
metabolites, phaseic acid (PA) and dihydrophaseic acid (DPA), accompan­
ied the ip^ reductions in both stock types. PA and DPA were isolated 
and identified in conifer tissue for the first time. The data indicated
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that ABA was metabolised via the PA and ABA glucose ester pathways.
The relationship between ABA content and iJj was unaltered by 
previous water stress history. A critical or threshold ip of -1.00 
MPa for ABA accumulation was observed in all stock. The ABA/leaf 
pressure potential (ij; ) and ABA/leaf relative water content relation­
ships, however, demonstrated a clear tendency for conditioned stock to 
begin ABA synthesis at a lower level of tissue water loss than in non- 
conditioned stock. For example, the iJj threshold for ABA synthesis in 
conditioned plants was 0.80 to 1.00 MPa and for non-conditioned plants 
0.25 MPa. This response could be an important survival adaptation in 
conditioned stock.
Conditioned stock also tolerated a larger accumulation of ABA 
before initiating ABA conversion to PA. DPA concentrations were always 
minor in comparison to those of ABA and PA.
INTRODUCTION
In the first paper of this series (Paper 2) we observed in both 
field- and glasshouse-raised Caribbean pine seedlings that a reduction 
in endogenous gibberellin and cytokinin levels, together with a rise in 
inhibitor concentration, accompanied the extended use of stock condit­
ioning regimes, e.g. root wrenching and/or droughting. These changes 
were interpreted as responses to repeated alteration of the water 
balance of treated plants. Nevertheless no critical experiment was 
performed correlating hormone levels with a specific measure of plant 
water status. Subsequently, abscisic acid (ABA) (Figure 1) was identif­
ied as the principal inhibitor in Caribbean pine extracts (Paper 3).
SCHEME
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FIGURE 1. Proposed pathway of (1) abscisic acid (ABA) metabolism 
in plants (after Zeevaart and Milborrow, 1976). 
Metabolites include (2) abscisyl-3-D-glucopyranoside 
(conjugated- or bound-ABA) (3) phaseic acid (4) di- 
hydrophaseic acid and (5) epi-dihydrophaseic acid.
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It is widely accepted that an ABA buildup is intimately involved 
in activating control mechanisms, e.g. stomatal closure and increased 
root permeability, aimed at alleviating or minimising adverse effects 
of plant water stress (Milborrow, 1974b; Leopold and Kriedemann, 1975). 
In addition to these direct effects, conditioned pine seedlings 
because of their high foliage ABA concentrations (Paper 3) might detect 
an approaching internal water deficit earlier (i.e. at a higher water 
content or water potential) than non-conditioned plants and further 
close stomata, thereby limiting transpirational losses and maintaining 
positive turgor. If such a strategy for coping with the onset of 
water stress did operate, then it would help explain the improved 
survival capacity of conditioned open root planting stock (van Dorsser 
and Rook, 1972; Bacon and Hawkins, 1977).
It was of interest, therefore, to monitor ABA accumulation in the 
foliage of conditioned and non-conditioned Caribbean pine seedlings 
following their transfer to a desiccating environment. This would 
simulate the routine experience of a quickly developing plant water 
stress during a nursery-field transplant operation conducted under sub- 
optimal conditions. The experiment reported here was carried out with 
glasshouse-grown, conditioned plants. An essential part of the exer­
cise was to relate endogenous ABA content to basic measures of leaf 
water status, namely, relative water content, water potential and 
pressure potential. The opportunity was also taken to investigate con­
current concentration changes in ABA released by alkaline hydrolysis 
(Milborrow, 1970) and in the two major metabolites of ABA, phaseic 
acid (PA) and dihydrophaseic acid (DPA) (Figure 1) (Zeevaart and 
Milborrow, 1976).
y 1
MATERIALS AND METHODS 
Experimental Stock
Seedlings were raised individually in PVC tubes (9 cm diam.,1336 
3cm capacity, filled with 1:1 perlite:vermiculite) in a naturally lit 
glasshouse of the Canberra phytotron (24°/19°C day/night temperature, 
1.19/0.33 kPa vapour pressure deficit, 16 hr photoperiod). At age 
three months the following treatments were imposed; (A) watered daily 
and roots kept intact, (B) watered daily and roots cut once a week 
(13 cm below root collar with a sharpened hacksaw blade), (C) watered 
once a fortnight and roots kept intact, (D) watered once a fortnight 
and roots cut once a week. The partial root removal treatments (A and 
D) caused a transient (2 to 3 day) lowering of leaf water potential (i|^ ) , 
down to -1.20 MPa, and visible wilting only during the first fortnightly 
stock conditioning cycle. Thereafter, only droughted stock (C and D) 
recorded major reductions in ip^  (minimum of -1.70 MPa).
During the sixth (and final) drought cycle in the glasshouse four 
plants were sampled from treatments C and D on days 3, 7, 10 and 14 for 
ip^ and ABA determinations.
At the completion of the final glasshouse drought treatment, seed­
lings (now six months old - see Table 1 for details of stock morphology) 
from all four treatments were watered and transferred to a desiccating 
environment within an LBH growth cabinet (30°/25°C, 2.55/1.58 kPa VPD,
12 hr photoperiod, no watering). Two to four plants from each treatment 
were randomly harvested (1100 hrs) at one to four day intervals for 
determination of plant water status and growth substance extraction. 
Foliage was sampled from the 70-90 percentile height range. Previously
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watered stock (A and B) were re-watered on day 15 and transferred back 
to the original glasshouse. None survived the drought. Stock 
previously conditioned by droughting (C and D) were re-watered on day 
19 and similarly relocated. All survived the cabinet drought.
TABLE 1. Stock characteristics of six-month-old P. caribaea seedlings 
raised in a glasshouse under four conditioning regimes.
(All entries are the means ± standard errors of 10 to 20 
observations)
Stock Treatments
Plant (A) (B) (C) (D)
Parameter Watered Watered Droughted Droughted
Root Wrenched Root Wrenched
Height (cm) 50.311.3 44.411.0 24.110.8 21.510.8
Stockiness Ratio 79.713.7 82.214.1 60.312.4 55.112.6
(Ht./Diam.)
Plant Dry Wt. 9.4610.59 7 .9910.66 4.9210.29 5.0110.21
(g)
Root/Shoot 0.22410.014 0.27810.027’ 0.32510.019 0.44810.020
No. of Root 0 12 0 12
Wrenchings
Leaf Water Status Measurement
Relative Water Content (RWC): Duplicate determinations were made 
from each seedling on groups of six detached fascicles allowed to regain 
full turgor in a saturated atmosphere according to the method of Clausen 
and Kozlowski (1965). RWC was calculated as (Weatherley, 1950);
RWC = Fresh Wt. - Oven Dry Wt. x 100 
Turgid Wt.- Oven Dry Wt.
Water Potential (i|j ) : Measured as xylem pressure potential (Pstem)
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on cut shoots in a pressure chamber (Scholander et al., 1964; Ritchie
and Hinckley, 1975). Preliminary tests revealed an approximate 1:1
relationship between P  ^ and P and since osmotic plus matricr stem needle 1
potential of expressed sap remained higher than -0.10 MPa, ^  was 
equated with pneecj2e (Hellkvist et al., 1974).
Pressure Potential (ip ) : Calculated from the Slatyer (1967) 
model as the difference between water potential (ip ) and a combined 
solute plus matric potential as measured on frozen-thawed tissue in a 
Wescor C-52 sample chamber coupled to a HR-33T microvoltmeter and 
operated in the dew point mode.
Extraction and Measurement of ABA, PA and DPA
Foliage material for these analyses was immersed in liquid nitrogen 
at sampling time and stored at -16°C. A single bulked sample (20g fresh 
weight) of the two to four seedlings harvested from each treatment was 
extracted using the purification schedule outlined in Figure 2. The 
schedule differs radically from that used previously for ABA isolation 
(Papers 2 and 3). For example, methanolic extractions were conducted 
under acidic conditions (addition of glacial acetic acid) to stop 
formation of the artefact methyl abscisate (Milborrow and Mallaby, 1975), 
the anti-oxidant 2,6-di-tert-butyl-4-methyl-phenol (BHT) was present at 
all stages of purification (after Harrison and Walton, 1975), ethyl 
acetate was used in preference to diethyl ether as the partitioning 
solvent (little or no PA and DPA could be located in ether soluble fract­
ions) , the acidic fraction was partitioned off first to avoid possible 
leakage of acids to the neutral fraction (Paper 3), and polyvinyl­
pyrrolidone (PVP) column chromatography replaced paper chromatography
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Frozen tissue homogenised in 80% methanol 
(+ acetic acid 10 ml 1  ^ + BUT 5 mg 1 )^ , 
extracted overnight (3°C) and filtered
Filtrate dried under partial vacuum, phosphate 
buffer added, pH adjusted to 3.0
Partitioned 3X with^ethyl acetate
ACIDIC FRACTION
Aqueous phase: pH adjusted to 
11.0, hydrolysed at 60°C for 
30 min in reciprocating water 
bath $ partitioned 3X with 
ethyl acetate at pH 3.0
HYDROLYSED ^ FRACTION
PVP Column (60-120 mesh, 18 cm") 
eluted with M/75 KH0PO. (pH 4.8)IFraction 15-65 ml collected, pH adjusted to 
3.0 and partitioned 3X with ethyl acetateITLC (Solvent I followed by Solvent II)
Zones opposite authentic markers eluted 3X with 
acetone:ethanol (1:1) and methylated with 
diazomethane
TLC (Solvent III). Single development for me-ABA 
and me-PA. Five developments for me-DPAlEluted as before, then GLC on 3% OV-225
FIGURE 2. Schedule used in the extraction and estimation of abscisic 
acid (ABA), phaseic acid (PA) and dihydrophaseic acid (DPA) 
from P. caribaea foliage tissue.
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(Glenn et al. , 1972). PVP has not been employed elsewhere in PA and DPA
purification so tests were made of their elution characteristics from 
338 cm PVP columns (Figure 3). Thin layer chromatograms (TLC) were 
developed in solvent systems used by Zeevaart and Milborrow (1976). 
Appropriate data are provided in Table 2. Analysis by gas-liquid 
chromatography (GLC) was conducted using 3% OV-225 maintained at 210°C 
as the stationary phase. This phase gave better separation of all 
methylated isomers than 2% OV-17 (Table 3). PA and DPA were quantified 
from the ABA response curve after allowing for a five-fold decrease in 
detector sensitivity to their methyl esters (after Zeevaart and Milborrow, 
1976).
TABLE 2. Thin layer chromatography solvent systems used to purify and
separate abscisic acid (ABA), phaseic acid (PA), dihydrophaseic 
acid (DPA) and their methyl derivatives
Mean Rp. value"'’
Solvent System ABA PA DPA me-ABA me-PA me-DPA
I Toluene:ethyl ace­
tate: acetic acid 
(50:30:4)
0.34
(0.39)
0. 19 0.04
II Chloroform:methanol: 
water (75:22:3)
0.843 0.75 0.32
III Hexane:ethyl acetate 
(1:2)
0.64 0.47 40.35
'‘All TLC carried out on 20x20 cm plates coated (c.250 ym thick) with
Silica Gel HF754 and predeveloped in ethanol. All solvents contained 
BHT (20 mg l“l). Plates were developed to 15 cm in saturated sealed 
tanks.
2t-ABA in parentheses
3 *R~s for solvent II were obtained after first running plates in Solvent I
4 tDeveloped five times.
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0
PA
“i
FRACTION ELUTED
FIGURE 3. Elution volumes of abscisic acid (ABA), phaseic acid 
(PA) and dihydrophaseic acid (DPA) from a 12x2 cm, 
60-120 mesh PVP column. Elution made with M/75 
KU^PO^ (pH 4.8). Concentrations determined by GLC 
after methylation.
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TABLE 3. GLC-retention times (min) of derivatised abscisic acid (ABA), 
phaseic acid (PA) and dihydrophaseic acid (DPA) on two 
different stationary phases^
Stationary Phase
Compound
3% OV-225
(210°C:25 ml min"1)
2% OV-17 
(190°C:25
me-ABA 5.0 8.0
me-t-ABA 7.8 10.2
me-PA 6.3 10.2
me-t-PA 8.9 12.0
me-DPA 6.6 13.2
me-t-DPA 9.0 15.3
Analysis conducted on a Varian 2100 gas chromatograph fitted with an 
electron capture detector and glass columns (180 x 0.3 cm). The 
stationary phases were supported on 80-100 mesh Chromosorb W AW DMCS.
2Column temperature and N? flow rate.
Chemicals
PA and DPA were generous gifts from Drs B.R. Loveys (CSIRO, 
Adelaide) and R.W. King (CSIRO, Canberra) respectively. Methylated 
samples were manufactured in the laboratory. PVP was purchased as dry 
Polyclar AT powder from GAF (NSW) Pty Ltd (Sydney) and prepared for use 
in column chromatography by the detailed method of Glenn et al. (1972). 
All solvents were redistilled prior to use.
RESULTS
Alteration in the water status of seedlings following their 
transfer to the cabinet drought is shown in Figure 4 as changes in leaf
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FIGURE 4. Changes in leaf water potential of glasshouse-raised P. caribaea 
seedlings following their transfer to a desiccating environment 
in a growth cabinet. Glasshouse treatments comprised A(O): 
watered daily with roots intact, B(A): watered daily and roots 
cut weekly, C(#): watered fortnightly with roots intact, D(A): 
watered fortnightly and roots cut weekly. Arrows denote water­
ing schedule; Day 0 - all stock, Day 15 - treatments A and B,
Day 19 - treatments C and D. Vertical bars are LSDs^  ^ .
Each point is the mean of two to four pressure chamber measures 
made on cut shoots.
99
water potential (ip^ ) . Non-conditioned plants, i.e. those previously 
raised under optimum watering regimes (treatments A and B), showed a 
steady decline in \p^ throughout the drought period. By day 5 the 
majority of this stock showed some needle wilting, and the symptoms of 
water stress became progressively worse until by day 15 all shoots 
were flaccid and lower leaves had begun to abscise. These plants were 
rewatered (day 15) but no improvement in tp^  resulted. Conditioned plants, 
i.e. those previously droughted in the glasshouse environment (C and D) 
showed an initial improvement in i p following rewatering at the commence­
ment of the cabinet drought; subsequently i p declined at a rate compar­
able to that observed in non-conditioned plants though the absolute fall 
in \p was not as large (at least until day 10) . In contrast to the non- 
conditioned plants, there was little evidence overall of needle wilt in 
the conditioned stock during the entire cabinet-drought period. After 
rewatering (day 19) ip of these plants increased rapidly to near pre­
stress levels.
ABA, PA and DPA were initially identified in foliage extracts by 
GLC analysis. The methylated natural compounds had identical retention 
times with authentic derivatives on two different stationary phases 
(Table 3). Bulked samples were then subjected to GLC-MS and spectra 
obtained were identical in all major respects to that of methyl abscisate 
(M+ at m/e 278 and base peak at m/e 190) (Most et al., 1970) and methyl 
phaseate (M+ at m/e 294 and base peak at m/e 125) (MacMillan and Pryce, 
1969). Me-DPA was not present in sufficient quantities to provide a 
mass spectrum. A critical check on its identity was made by oxidising 
the sample overnight with a chromic anhydride-pyridine mix (Gillard and 
Walton, 1976) followed by ethyl acetate extraction, TLC (solvent III)
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and GLC. Me-PA was identified on the chromatogram trace.
It proved difficult in preliminary tests to detect PA and DPA in 
hydrolysed fractions, consequently interest in this fraction was confined 
to ABA analysis. The results of these 'bound-ABA' determinations are 
presented in Table 4. The amount of ABA released by alkaline hydrolysis 
tended to fall steadily throughout the early stages of the cabinet- 
drought period then rose markedly in conditioned plants once the water 
stress was removed.
TABLE 4. Levels of ABA (yg kg ODW) released by alkaline hydrolysis 
in the foliage of glasshouse-grown P. caribaea seedlings 
subjected to a desiccating environment in a growth cabinet. 
(All entries are the means of two determinations made on 
separate 20g FW samples)
Glasshouse
Treatment
Days of Cabinet Drought'''
0 2 4 7 9 13 16 19 20 21
Hydrolysed 172 83 59 42 39 50
Watered(A+B)
% of Free 425 74 10 5 2 2
Hydrolysed 164 180 81 140 121 98 139 185 272 285
Droughted
(OD)
% of Free 43 87 21 19 13 5 5 6 11 21
■''Treatments C and D rewatered and removed from cabinet on day 19
Foliage concentrations of free ABA , PA and DPA are plotted in
Figure 5 as functions of time after the imposition of the cabinet drought. 
For simplicity pre-watered treatments (A+B) and pre-droughted treatments 
(C+D) have been combined. Their separate responses were quite similar.
Day 15 foliage samples of treatments A and B (the last collected) were 
lost. The following points are noted:
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FIGURE 5. Time course of changes occurring in the abscisic (ABA), phaseic (PA) and dihydrophaseic 
(DPA) foliage-concentration of glasshouse-grown P. caribaea seedlings following transfer 
to a desiccating environment in a growth cabinet. Open symbols denote plants previously 
grown under well watered conditions. Closed symbols depict seedlings previously subjected 
to six fortnightly drought cycles. All stock was watered on entering the cabinet (arrow 
at day 0). Previously droughted plants were rewatered on day 19 (arrow). Each point 
is the mean of two determinations made on separate 20g FW samples.
Note that the ordinate scale has been expanded 8X between 0.0 and 0.1.
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(i) At the commencement of the cabinet phase (day 0) endogenous ABA 
and its metabolites were present in conditioned seedlings in 
much higher (c.10-fold) concentrations than in non-conditioned 
plants. Following day 0 watering ABA, PA and DPA levels fell 
to a minimum by day 2 in conditioned plants.
(ii) Spectacular increases in ABA (80-fold), PA (100-fold) and DPA 
(100-fold) content occurred in both conditioned and non-conditioned 
seedlings following droughting.
(iii) The accumulation in ABA, PA and DPA was clearly sequential (in 
that order) in all stock. DPA was always present in much lower 
concentrations than its precursors.
(iv) On a time scale the buildup of ABA and its metabolites in non- 
conditioned plants preceded that in conditioned plants. The 
best example of this trend is provided by PA.
(v) Two days after re-watering conditioned plants, ABA and PA levels 
showed only a partial return to pre-stress levels. At this stage 
DPA levels were increasing.
The relationships between ABA content and \p^, RWC and ip were 
determined for the drying phase of each of the four glasshouse-treated 
stock. These are shown in Figures 6,7 and 8 respectively. The corres­
ponding PA/iJj response is shown in Figure 9. The important features to 
note are:
ABA vs. ip^ : A single threshold response curve could accommodate 
the ABA/ip^  relationship found in both conditioned and non-conditioned 
seedlings. ABA content remained relatively constant at high ip^ (in non- 
conditioned plants) but rose dramatically below c.-l.OO MPa in all stock.
ABA vs. RWC: Three distinct threshold response curves would appear
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LEAF WATER POTENTIAL (-M Pa )
FIGURE 6. Relationships between foliage-abscisic acid content and leaf water
potential established for glasshouse-grown P. caribaea seedlings during 
a subsequent drying phase in a growth cabinet. Glasshouse treatments 
included: A(O) : watered daily with roots intact, B(A): watered daily 
and roots cut weekly, C(#) : watered fortnightly with roots intact, D(A): 
watered fortnightly and roots cut weekly. Each point represents a 
single determination made on a bulked 20g FW sample from two to four 
seedlings.
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FIGURE 7. Relationships between foliage-abscisic acid content and leaf relative 
water content established for glasshouse-grown P. caribaea seedlings 
during a subsequent drying phase in a growth cabinet. Glasshouse treat­
ments included: A(0): watered daily with roots intact, B(A): watered 
daily and roots cut weekly, C(#): watered fortnightly with roots intact, 
D(A): watered fortnightly and roots cut weekly. Each point represents 
a single determination made on a bulked 20g FW sample from two to four 
seedlings.
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LE A F  P R E S S U R E  P O T E N T I A L  ( M P a )
FIGURE 8. Relationships between foliage-abscisic acid content and leaf pressure
potential established for glasshouse-grown P. caribaea seedlings during 
a subsequent drying phase in a growth cabinet. Glasshouse treatments 
included: A(O): watered daily with roots intact, B(A): watered daily 
and roots cut weekly, C(#): watered fortnightly with roots intact,
D(A): watered fortnightly and roots cut weekly. Each point represents 
a single determination made on a bulked 20g FW sample from two to four 
seedlings.
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FIGURE 9. Relationships between foliage-phaseic acid content and leaf water
potential established for glasshouse-grown P. caribaea seedlings during 
a subsequent drying phase in a growth cabinet. Glasshouse treatments 
included: A(0): watered daily with roots intact, B(A): watered daily 
and roots cut weekly, C(#): watered fortnightly with roots intact,
D(A): watered fortnightly and roots cut weekly. Each point represents 
a single determination made on a bulked 20g FW sample from two to four 
seedlings.
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to describe the ABA/RWC relationships for droughted plus root wrenched (D), 
droughted (C) and well watered (A+B) stock. ABA content rose sharply 
below RWCs of 86%, 83% and 81% in treatments D,C and A+B stock respectiv­
ely, hence, the more intensively treated plants, i.e. those subjected to 
more severe water stress in the glasshouse conditioning schedules, began 
to accumulate foliage-ABA when less water had been lost from their needles 
in comparison to their less disturbed counterparts.
ABA vs. ip^ : Three parallel threshold curves also serve to relate 
ABA content to ip in treatments D,C and A+B stock. The droughted plus 
wrenched stock began their rapid ABA buildup at c.1.00 MPa, the droughted 
plants at c.0.80 MPa while the well watered controls did not accumulate 
ABA until the turgor pressure fell to c.0.25 MPa.
PA vs. ip : Two PA/^£ relationships are evident, one for conditioned 
plants and one for non-conditioned plants. In the latter stock rapid PA 
buildup commenced at a ip of C.-1.15 MPa while in conditioned stock PA 
content rose gradually to a \p  ^ o f C.-2.50 MPa; thereafter PA accumulated 
rapidly.
A hysteresis effect was observed in the ABA and PA/ip^  relationships 
of conditioned plants between dehydration and rehydration phases. One 
example (ABA/ip^ for droughted and root wrenched plants) is shown in Figure 
10. More ABA was present at a particular ip ^  during the rehydration phase 
(day 19 to 21) than during the dry phase (day 2 to 19).
In Figure 11 a comparison is made of ABA accumulation in droughted 
plants (C+D) over a limited i p range during the final glasshouse drought 
cycle and during the growth-cabinet drought. Under the more evaporative 
conditions experienced in the latter regime ABA buildup was clearly more 
pronounced.
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FIGURE 10. Plot of foliage-abscisic acid content against leaf water potential for 
P. caribaea seedlings previously subjected to three months of a fort­
nightly drought cycle plus weekly root severance schedule in a glass­
house, and transferred (dayO) to a desiccating environment in a growth 
cabinet. On day 19 stock were relocated in the glasshouse. Each 
point represents a single determination made on a bulked 20g FW sample 
from two to four seedlings.
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FIGURE 11. Relationships between foliage-abscisic acid content and leaf water
potential for P. caribaea seedlings, previously grown under fortnightly
drought cycles in a glasshouse, established during, (□) the final glass- 
2house-drought cycle (R = 0.947), and (■) a subsequent drought in a
2more evaporative climate in a growth cabinet (R = 0.921). Each point 
represents the mean of two determinations made on separate 20g FW 
bulked samples.
DISCUSSION
Conditioned Caribbean pine seedlings (those previously subjected 
to a number of drought cycles in the glasshouse environment) possessed 
a greater capacity to survive drought than non-conditioned plants 
(those raised under optimum watering schedules). Comparable results 
have been presented in Paper 1 and by Bacon and Hawkins (1977) for 
field-grown plants. The fact that treatment B seedlings (root wrenched 
and well watered) failed to survive the cabinet-drought highlights the 
ineffectiveness of root wrenching under optimum water regimes as a stock 
conditioning procedure. Stock must be subjected to repeated water 
deficits before they can withstand a major water stress (cf. Christersson, 
1976).
Conditioned plants contained a higher foliage-ABA concentration 
(390 yg kg ^ODW) than non-conditioned plants (40 yg kg "'’ODW) at the 
commencement of the cabinet-drought period (day 0) (Figure 5). This 
result substantiates the previous findings (Papers 2 and 3) that both 
field and glasshouse-grown conditioned stock possess higher inhibitor 
(ABA) levels. As the cabinet drought progressed a dramatic rise in the 
ABA content in both conditioned and non-conditioned plants (to a maximum 
of 4000 yg kg ^ODW) accompanied the lowering of leaf water potential. 
Hence the earlier interpretation that inhibitor contents changed because 
of alteration in plant water status (Paper 2) has been verified.
Wright and Hiron (1969) were the first to demonstrate that ABA 
was the principal growth regulator involved in the inhibitor-3 buildup 
under a plant water deficit. Since then a large supportive literature 
on ABA accumulation in intact stressed leaves and shoots of broad-leafed 
and grass species has developed (reviewed by Milborrow, 1974b). The
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ABA increase occurs irrespective of whether the changes in water potential 
are due to soil-drought, a desiccating environment or osmotic agents 
such as salinity and mannitol (Itai and Benzioni, 1976). Recently Blake 
and Ferrell (1977) have characterised the same ABA response to water 
stress in two-year-old Douglas fir seedlings.
Comparatively few studies have attempted to relate endogenous ABA 
accumulation under stress to a basic measure of plant water status.
Zabadal (1974) appears to have been the first when he demonstrated for 
two Ambrosia species a ip^ threshold (-1.00 to -1.20 MPa) at which ABA 
began to increase quickly. Beardsell and Cohen (1975) followed with 
published \p threshold values for ABA increase in maize and sorghum 
plants of -0.80 MPa and -0.80 to -1.00 MPa respectively. Lately Wright 
(1977) reported a \p^ of -0.93 MPa as a 'kind of threshold' value for ABA 
accumulation in excised wheat leaves while Blake and Ferrell (1977) found 
the threshold point lay in the \ p range -1.00 to -1.20 MPa in intact 
Douglas fir seedlings. The results presented here (Figure 6) concur 
with the published ABA/41^ relationships in that there is a critical ip^ 
(c.-l.OO MPa) in Caribbean pine seedlings below which ABA synthesis is 
'switched on'. More importantly, however, this study has demonstrated 
that with the onset of a quickly developing water stress the critical or 
threshold \p^ is not altered by prior stress conditioning.
From these data one could conclude that conditioning treatments 
have conferred no advantage on plants with respect to early detection of 
lowered \p^ levels. However, the ABA/relative water content and ABA/ 
pressure potential relationships established (Figures 7 and 8) provide 
strong evidence to the contrary and demonstrate the importance of measur­
ing other indicators of water status besides the favoured i p parameter.
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In both relationships there exists a clear tendency for conditioned 
stock to begin ABA synthesis at a lower level of tissue water loss than 
is the case in non-conditioned plants. The ABA/i^ curves in particular, 
show a marked displacement of threshold towards less positive values 
as the degree of previous stock disturbance, i.e. the level of condition­
ing, lessens. It may be that some receptor, sensitive to change in 
leaf turgor potential (in contrast to water potential, cf. Rasmussen,
1976) can initiate production of ABA. In view of the reported involve­
ment of an ABA accumulation in regulating plant response to water stress, 
primarily through its action in stimulating stomatal closure (Hiron and 
Wright, 1973) the early triggering of foliage-ABA synthesis in condition­
ed pine seedlings at a comparatively high or RWC would confer a 
significant survival adaptation to these plants. Detailed investigations 
of stomatal response to imposed water stress in these pine seedlings are 
reported on later (Paper 7).
At no stage past the threshold value did the rate of ABA 
accumulation slacken (Figure &). In short term experiments (24 hr or 
less), however, some workers have reported that following a dramatic 
increase, ABA contents tend to stabilise at the inflated level while 
stress conditions are maintained (Harrison and Walton, 1975; Wright,1977). 
This response has been explained by Milborrow (1974b) in terms of a 
feedback inhibition of ABA synthesis by ABA once sufficient ABA is formed, 
and by Harrison and Walton (1975) as the time when the rates of ABA 
formation and utilisation are equal.
The rate of ABA accumulation in conditioned plants depended upon 
the severity of the evaporating climate to which they were exposed (Figure 
11). After two weeks without water in the glasshouse environment
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conditioned plants contained 390 yg ABA kg ^ODW and \p had dropped to 
-1.75 MPa. Under the more desiccating conditions maintained during the 
cabinet phase, similarly pre-treated plants contained 1120 yg ABA kg ^
ODW when ip reached -1.75 MPa (after 9 days). Either ABA synthesis 
proceeds more slowly or the metabolic conversion of ABA proceeds more 
rapidly under the first set of conditions.
The ABA/ip^ hysteresis effect (differences in dehydration and re­
hydration responses) shown in Figure 10 is known to occur in other 
severely stressed plants although it has never been plotted as such. 
Beardsell and Cohen (1975) and Dorffling et a l . (1977) have reported that 
ABA recovery lags well behind ip following removal (by rewatering) of 
stress conditions. This feature has in fact been invoked as an explan­
ation for the wellknown ’after effect’ syndrome, where stomatal opening 
is delayed following the recovery of plants from wilting (Hiron and 
Wright, 1973).
Milborrow (1974b) suggested that the increase in ABA content 
associated with plant wilting occurs primarily by 'de novo' synthesis 
rather than by release from a stored precursor or conjugate. While the 
level of conjugate-ABA determined in the Caribbean pine extracts did fall 
during the early stages of the cabinet drought (Table 4) the quantities 
involved are too small to account for the massive increases in free ABA.
The conjugate-ABA/free ABA ratios (0.43 to 4.25) observed at the start 
of the cabinet drought (Table 4) are much higher than those previously 
found (mean 0o38 in Paper 2).
This study records the first isolation and identification of 
phaseic and dihydrophaseic acids from conifer tissues. The sequential 
buildup in first ABA, next PA and finally DPA during water stress (Figure 5)
1 1 / 1
suggests that the scheme proposed by Zeevaart and Milborrow (1976)
(Figure 1) for ABA metabolism via the PA pathway operates in these 
Caribbean pine seedlings. Furthermore, the absence of a major increase 
in conjugate-ABA levels during the cabinet drought until rewatering 
indicates that metabolism of ABA via PA is more responsive to ip than 
that via glucose ester formation. A similar result was determined by 
Liu and colleagues (Kriedemann, pers. comm.) in leaves of droughted 
grape vines.
PA accumulation in water-stressed non-conditioned pine seedlings 
commenced earlier than in conditioned plants (Figures 5 and 9). The 
threshold \p s for ABA and PA increase in non-conditioned plants are only 
0.25 MPa apart, compared to a displacement of 1.25 MPa in conditioned 
plants. This suggests that stock unused to an ABA buildup endeavour to 
moderate the size of the accumulation by initiating early ABA metabolism. 
Conditioned plants accept much higher ABA levels before activating this 
form of control. PA may be involved in the inhibition of photosynthesis 
(Kriedemann et a l ., 1975) so that a moratorium on PA accumulation could 
be of adaptive value to conditioned pine seedlings.
DPA was always present in lower concentrations than ABA and PA, 
although the full extent of the DPA buildup following rewatering was not 
recorded (Figure 5). In both previous reports of the presence of DPA 
in green plant tissue, its concentration was never less than that of ABA 
even in unstressed plants (Zeevaart and Milborrow, 1976; Zeevaart, 1977).
115
PAPER 5
WATER RELATIONS OF DROUGHT-CONDITIONED PINUS CARIBAEA 
MOR. VAR. HONDURENSIS B.§ G. SEEDLINGS. I.ADJUSTMENTS 
IN WATER POTENTIAL COMPONENTS
ABSTRACT
In two separate experiments, Caribbean pine seedlings were raised 
in a glasshouse under various watering and root severance regimes, and 
the relationships between leaf water potential (ijj ) and the leaf relat­
ive water content (RWC), and between ip and its components, osmotic 
potential (^Q) and pressure potential (i^), were examined from measure­
ments made during a subsequent drying cycle in a growth cabinet.
Conditioned plants, i.e. those subjected to periodic water stress 
during the glasshouse phase, were able to maintain positive turgor over 
a wider \p range than non-conditioned stock. Their specific moisture 
characteristic curves (ip vs. RWC) showed that they lost only a small 
amount of tissue water for a relatively large decrease in ip . The RWC 
corresponding to a ip value of -1.5 MPa (RWC^ ,.) , often used as an 
indicator of drought resistance, was 5 to 10% higher in conditioned 
plants. The plots of ip^ vs. \p^  clearly demonstrated the remarkable 
conditioning-induced alteration in the ip value at which incipient plas- 
molysis =0) was reached (ip^  -1.50 to -2.30 MPa lower).
The maintenance of turgor in conditioned seedlings was possible 
because of their capacity to alter osmotic potential. Over a ip^ range 
of -0.50 to -3.00 MPa the \J; of conditioned plants was lower than that of 
controls by -0.50 to -1.20 MPa. Calculations revealed that tissue
I 10
dehydration (passive solute concentration) per se could not account for 
the differences observed. All the evidence suggests that active 
solute accumulation, termed osmoregulation, is the method of osmotic 
adjustment. The principle of osmoregulation is only now gaining accept­
ance in plant water relations literature, and this study is the first to 
demonstrate its effect in conifer plants. Some preliminary data 
presented show that pine roots also appear to osmoregulate.
Total water-soluble sugar content was examined and found to increase 
in all stocks under the influence of moisture stress. This sugar contrib­
uted less than 40% of the overall ip .o
Turgor maintenance via osmotic adjustment is discussed as an adapt­
ation providing conditioned Caribbean pine seedlings with a measure of 
drought tolerance while enduring low water potentials. Conditioned plants 
also possess a higher protoplasmic resistance to dehydration and this 
could be a direct consequence of the accumulation of osmotically active 
substances.
INTRODUCTION
Conditioning pine seedlings by droughting and/or root wrenching 
causes the periodic development of moderate internal plant water deficits 
(Papers 1 and 4). A desirable consequence of such treatment is that 
conditioned plants possess a greater survival capacity during subsequent 
periods of major water stress, e.g. at field transplanting time, than un­
treated plants (van Dorsser and Rook, 1972; Tanaka et al., 1976; Bacon 
and Hawkins, 1977). This implies that conditioned plants are more 
drought resistant (Kramer, 1969; Levitt, 1972; Kozlowski, 1976), but 
whether this involves drought tolerance by maintaining a high plant water
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status (otherwise known as drought avoidance) and/or drought tolerance 
by enduring a low tissue water status is not known. Hence, in seek­
ing an understanding of the conditioning response there is a clear need 
to investigate various aspects of the water relations of both stock 
types, e.g. water use patterns, stomatal control, turgor maintenance 
and desiccation tolerance. These aspects will be covered in this series 
of three papers.
There is now increasing evidence (see reviews by Begg and Turner, 
1976, Hsiao et al., 1976a,and Turner and Begg, 1977) that a plant's 
ability to grow and survive in environments where water is limiting can 
be determined quantitatively in terms of how the interacting components 
of water potential respond to stress conditions. It is no longer suffic­
ient to interpret plant reactions to water stress as simple responses to 
changes in water potential, with osmotic potential remaining relatively 
constant and with pressure potential differences paralleling those of 
water potential. Adjustments in osmotic potential have been documented 
and via this adaptation plant turgor can be maintained during partial 
dehydration. Furthermore, component potentials now appear to be more 
directly involved in modulating specific physiological processes than is 
water potential itself (Wiebe, 1972; Hsiao, 1973). The initiation of 
abscisic acid synthesis in Caribbean pine stock at a critical pressure 
potential (Paper 4) is possibly one example.
Interrelationships between the components of water potentials are 
manifest to some degree in the moisture characteristic curve, i.e. the 
water potential/relative water content relationship (Hsiao et al. , 1976b, 
Turner, 1978). In the one previous investigation of the water relations 
of Caribbean pine seedlings Williams (1975) tentatively assumed that the
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leaf moisture characteristic was beyond manipulation in the nursery.
His only measure of plant water status was leaf relative water content. 
Contributions of component potentials in determining plant response to 
water stress have not previously been reported for conifer stock.
The work reported in this paper attempted to partition water 
potential changes that occurred in both conditioned and non-conditioned 
glasshouse-grown Caribbean pine seedlings into the major component 
potentials, osmotic and pressure potential, with a view to establishing 
their interrelationships and characterising possible adaptive responses 
to the conditioning treatment.
MATERIALS AND METHODS
Experimental Stock
Two separate experiments were conducted. Seedlings were grown,
3in each instance, singly in PVC tubes (9 cm diam. 1336 cm capacity, 
filled with 1:1 perlite:Vermiculite) in a naturally lit glasshouse of 
the Canberra phytotron (24°/19°C day/night temperature, 1.19/0.33 kPa 
vapour pressure deficit, 16 hr photoperiod).
In Experiment 1 plants received one of the following four treat­
ments during the final 12 weeks of the six-month-long glasshouse phase: 
(A) watered daily and roots left undisturbed, (B) watered daily and 
roots cut once a week (13 cm below root collar with a sharpened hack­
saw blade), (C) watered once a fortnight and roots left undisturbed,
(D) watered once a fortnight and roots cut once a week. After the 
first two root wrenchings only droughted stock (treatments C and D) 
recorded major reductions in leaf water potential (minimum of -1.70 MPa).
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Stock was transferred immediately on rewatering to a severely desiccat­
ing environment in a LBH growth chamber (30°/25°C, 2.55/1.58 kPa VPD,
12 hr photoperiod) and sampled at periodic intervals for plant water 
deficit measurements. These plants were also used for the determinat­
ion of growth inhibitor levels (reported in Paper 4 - see Table 1 therein 
for summary of stock characteristics) and leaf conductance values 
(reported in Paper 7).
In Experiment 2, plants received one of two treatments during the 
final 21 weeks of the seven-month-long glasshouse phase: (A^ ) watered 
daily and roots left undisturbed, (B*') watered once in three weeks and 
roots left undisturbed. Droughted stock recorded reductions in leaf 
water potential down to -1.75 MPa. Stock was transferred after three 
days of watering to a moderately desiccating environment in a LBH growth 
cabinet (25°/20°C, 1.43/0.59 kPa VPD, 12 hr photoperiod) and sampled at 
periodic intervals for water deficit measurement and carbohydrate 
determinations. Stock characteristics are summarised in Table 1.
TABLE 1. Stock characteristics (Experiment 2) of seven-month-old 
P. caribaea seedlings raised in a glasshouse under two 
conditioning treatment regimes. (All entries are the 
mean ± standard error of 10 to 20 measurements)
Plant Parameter
Stock Treatment Ht. Diam. Plant Dry Wt. Root/Shoot
(cm) (mm) (g)
A': Watered daily 48.7±1.9 6.1±0.2 9.9610.43 0.21610.012
B': Watered once 21.3±0.8 4.210.1 4.1210.28 0.34110.019
in three weeks
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Plant Water Deficits. I. Terminology
Plant water deficits are described in these studies in terms of 
relative water content, i.e. water content expressed as a percent of 
the turgid value, and water potential and its components.
The total water potential"^ (i|j) at any point in a plant consists 
of the algebraic sum of the following components (after Slatyer, 1967 
and Brown, 1972) ;
ip : pressure potential, due to the hydrostatic pressure in
excess of atmospheric pressure, i.e. turgor pressure, 
acting outward on the cell wall and internal membranes
\p : solute potential, due to the presence of dissolved
solutes
ip : matric potential, due to forces of capillarity and
molecular imbibitional forces associated with cell walls 
and colloidal surfaces which bind some of the water
ip : gravitational potential, due to the gravitational forces
k on the water in the plant
' . • an interaction term that can be included to emphasise 
that the components, particularly \ps and ipm are not 
independent of each other
Thus . .p s m rg ri
In practice (see below) is usually included in a composite 
measure of ip^ termed osmotic potential (ipQ) (Allaway and Milthorpe, 1976;
Dainty, 1976). Furthermore, \p is small for seedlings (0.01 MPa m )^
and can be ignored while the measure effectively eliminates the need
Water potential is defined as (Slatyer, 1967),
y - y w w
Vw
where (yw-y°w) is the difference between the chemical potential of water 
in a system and that of pure free water at the same temperature, and 
is the partial molal volume of water. This describes \p in units of 
energy per unit volume (Jm- )^ which is dimensionally equivalent to press­
ure (Pa) the traditional expression for such measurements. By definition 
water potentials in the soil-plant-atmosphere system must be negative 
(^°w = 0)> that is, plants and plant cells always tend to take up water 
if pure free water is offered to them.
1 2 1
for i|u . Hence the total water potential is effectively represented by,
ib = ib + ibp o
(-ve) (+ve) (-ve)
( 0 )
(-ve)
Plant Water Deficits. II. Measurement
Leaf Relative Water Content (RWC): Duplicate determinations were 
made from each seedling on groups of six fascicles, detached from the 
70 to 90 percentile height range, and allowed to regain full turgor, 
over a 24 hr dark period, while standing in a little distilled water 
contained in sealed test tubes (after Clausen and Kozlowski, 1965). RWC 
was calculated as (Weatherley, 1950);
RWC = Fresh Wt. - Oven Dry Wt. x 100 
Turgid Wt.- Oven Dry Wt.
Leaf Water Potential (ip ) : Measured as xylem pressure potential 
(PstenP °n CUt s^oots an a Pressure chamber (Scholander et al. , 1964; 
Slavfk, 1974). The methodology followed that advocated by Ritchie and 
Hinckley (1975). Shoots were detached by a single cut with a sharp 
blade and placed immediately into the chamber with 1 cm of stem protrud­
ing outwards. Nitrogen pressure was increased at a uniform rate of 
0.02 MPa sec . A binocular microscope was mounted over the apparatus 
to facilitate determination of the 'wetting point'. In these pine 
seedlings resin was forced onto the cut surface before (up to 0.25 MPa) 
the arrival of xylem sap. P ^ ^  was routinely measured since it showed 
in preliminary tests a 1:1 relationship with P ^ and it was much easier 
to measure especially at low xylem pressure potentials (woody stems with­
stood high chamber pressures better than fascicles). The water potential
1 22
of xylem sap (^  _ ) comprises the sum of gravitational, frictional, andS 3.p
osmotic (ip^ J potentials (Ritchie and Hinckley, 1975) . Boyer (1967a)
demonstrated that the pressure chamber measures only the gravitational
and frictional components. Hence the relationship between and
the pressure chamber value (P) is given by,
ip = P + ip . sap o
ip of xylem sap never exceeded -0.10 MPa in these plants so Pstem was 
equated with ip and hence \p . Waring and Cleary (1967), KaufmannS cip 36
(1968a), Rook (1973), Hellkvist et al. (1974) and Millar and Hansen 
(1975) have all demonstrated for conifer tissue, good agreement between 
P and ^determined by other techniques (thermocouple psychrometer
o C Clll X/
and gravimetric vapour transfer).
Leaf Osmotic Potential (ip ) : Measured in a model C-51 or C-52 Wescor
o
sample chamber coupled to a HR-33T microvoltmeter and operated in the 
dew point mode. Duplicate samples of four fascicles, detached from 
the 70 to 90 percentile height range of each seedling, were placed in 
sealed test tubes, immediately plunged into liquid nitrogen and stored 
in a deep freeze (-16°C). Later each frozen sample was pulverised 
in situ with a glass rod, the stopper replaced and the sample allowed 
to thaw. A Whatman No.l filter disc (6 mm diarn.) was pressed into the 
brei and wetted, then transferred quickly to the sample chamber. Voltage 
output was converted to potential units by comparison with a calibration 
curve established anew with NaCl solutions for each group of 20 measure­
ments. It was found in separate tests that duplicate measurements made 
directly on thawed tissue were not always lower than those made on the 
filter discs (cf. similar result in Brown, 1972). This suggests that 
some cell wall material and cytoplasmic colloids were present in the
absorbed sap. Warren Wilson (1967a), Noy-Meir and Ginzburg (1967) and 
Brown (1972) argue that measurement of tissue potential after freezing
(where 1^ = 0) actually reflects the sum of ij^ and tj^ , i.e. , not just
üj . The relative contributions of b and b to d» will vary according s s m o
to tissue composition and dehydration (Boyer, 1967b; Weatherley, 1970; 
Richter, 1976).
Leaf pressure potential (d^) : Calculated as the difference between
h and 'V
Carbohydrate Analysis
Methods were adapted from Bell (1955) and Pasternack and Danbury 
(1968). Fresh foliage samples were frozen in liquid nitrogen then later 
oven dried at 80°C for 48 hrs and ground in a Wiley mill to pass through 
a size 40 mesh. Duplicate 0.5g samples were extracted in water (30°C,
24 hrs). Solid tissue was removed by filtering through Whatman No.41 
paper, then oven dried and reused for starch analysis. The filtrate was 
made up to 100 ml and an aliquot (0.25 ml) mixed with 80% phenol (0.14 ml) 
and concentrated sulphuric acid (5 ml) and allowed to stand for 30 minutes. 
The absorption at 490 nm (measured on a Unicam SP 1800 spectrophotometer) 
was compared with a standard glucose calibration curve. The dried tissue 
was boiled for 3 min in 50 ml of 2% acetate buffer (pH 5.3), cooled 
and 1 ml of 5% diastase added. The mixture was incubated at 50°C for 
3 hr and the glucose released from starch by enzymatic hydrolysis was 
analysed colorimetrically as before.
Total water-soluble sugar content was expressed as mg glucose g 1 
ODW and its contribution to ij; calculated (after Schopmeyer, 1939) from,
(sugar)
where sugar 
water 
2.27
sugar x 2.27 
water
moles sugar kg ^ODW (MWt of glucose used)
-1moisture content, g g ODW
osmotic pressure (MPa) of 1 mole of sugar
in 1 kg water.
RESULTS
Experiment 1
The plot of \p as a function of time after transfer of seedlings 
from the glasshouse to the desiccating environment of the growth 
cabinet has been shown previously (Figure 4 of Paper 4). Conditioned 
plants, i.e. those previously droughted in the glasshouse phase (treat­
ments C and D), displayed little evidence of needle wilt during their 
entire 19 day cabinet-drought period (i|; down to -2.75 MPa). These
stock all responded to rewatering (day 19) by increasing \p . In
contrast,non-rconditioned plants, i.e. those previously raised under 
optimum watering regimes (treatments A and B) showed some needle wilting 
by day 5 (ip = -1.25 MPa) and by day 15 (\p = -2.60 MPa) all shoots 
were flaccid and lower leaves had begun to abscise. Non-conditioned 
plants did not respond to watering on day 15.
The relationship between \p and RWC is depicted in Figure 1. The 
data clearly show that a decrease in ip^ is accompanied by a smaller RWC 
reduction in the two conditioned stocks than in the previously watered 
plants. Another feature is the similarity of the treatment A (watered 
and roots intact) and B (watered and roots cut) stock responses. In 
effect data associated with both these treatments can be pooled. This
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h i g h l i g h t s  aga in  ( c f .  n o t e s  on s u r v i v a l  above) th e  inadequacy o f  a r o o t  
seve rance  t r e a t m e n t  in  c o n d i t i o n i n g  s to ck  grown under  an optimum 
w a te r in g  s c h e d u le .
The r e l a t i o n s h i p s  between ip  ^ and i t s  components,  and ip^, a re  
shown in  F igu re s  2 and 3 and q u a n t i f i e d  in  Table  2.
TABLE 2. Q u a n t i t a t i v e  r e l a t i o n s h i p s  between l e a f  w a te r  p o t e n t i a l  (\p^) 
and i t s  components,  osmotic p o t e n t i a l  ) and p r e s s u r e  
p o t e n t i a l  (if; ) in  g la ss h o u s e  grown P. carib a ea  s e e d l i n g s .  
P o t e n t i a l s  a^e exp res sed  in  MPa. Trea tm ents  a re  f u l l y  
d e s c r ib e d  in  th e  t e x t
Stock Trea tment R eg ress ions  R'
Experiment 1
A: Watered *0 - -0 .964
+ 0.034
*■€
0.898
B: Watered + r o o t  wrenched
*p
= 0.964 + 0.066 h 0.971
C: Droughted = -1 .286 + 0.047 h 0.755
= 1.282 + 0.052 h 0.790
D. Droughted + ro o t  wrenched
*0 =
-1 .320 + 0.065 h 0.953
= 1.321 + 0.035 h 0.813
Experiment 2
A':  Watered *o = -1 .183
+ 0.030 0.828
*p =
1.199 + 0.071 *1
0.958
B^: Droughted Ip0 -1 .825
+ 0.043 h 0.827
Ipp
zz 1.825 + 0.057 0.891
The main f e a t u r e s  observed a r e ;
( i )  C ondi t ioned  p l a n t s  p o s s e s s  s i g n i f i c a n t l y  (p=0.05) lower ip^s
over  th e  complete ip^  range  sampled. Trea tment r an k in g  f o r  \p^  
(A+B>C>D) i s  m a in ta in ed  when curves  a re  e x t r a p o l a t e d  to
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zero \p , viz.
A+B = -0.96, C = -1.29, D = -1.32 MPa.
(ii) As a consequence of (1), \p^ is maintained at positive values
over a wider \ p ^ range in conditioned than non-conditioned plants. 
For example, the i p ^ at which \p^ approaches zero (the point of 
incipient plasmolysis) drops from -1.46 to -2.45 to -3.75 MPa 
in treatment A+B, C and D stock respectively.
Experiment 2
The monitored fall in i p ^ during the cabinet-drought phase in this 
second trial is given in Table 3. Listed also are the corresponding 
root water potentials (always higher than ij; cf. Ritchie and Hinckley 
(1975)), measured on entire root systems in the pressure chamber. Stock 
previously grown under three-week drought cycles (treatment B'') main­
tained significantly (p=0.05) higher levels than the watered controls 
(treatment A") . It took 38 days of drought to reduce ip in conditioned 
plants (treatment B**) to the level (c.-3.10 MPa) reached in 12 days by 
the non-conditioned plants. The latter were rewatered on day 12 and 15% 
(3 out of 20) recovered. Of the conditioned plants 80% (8 out of 10) 
recovered after rewatering on day 38.
Conditioned and non-conditioned plants were again characterised by 
distinctive i p ^ ,\ p Q  ,ij; /RWC relationships, shown in Figure 4. At any given 
RWC in the range sampled, drought conditioned plants always possessed a 
lower ip and ip than controls, and furthermore, since ip never fell below
36 O 36
the value, ip remained positive. ^ became negative in controls
below 72.7% RWC.
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FIGURE 4. Relationships between leaf water potential, including its components osmotic potential 
and pressure potential, and leaf relative water content determined on glasshouse-grown 
P. caribaea seedlings raised under the following treatment regimes, A^(O): watered 
daily and roots left undisturbed, watered once in three weeks and roots left
undisturbed. Each point represents data collected on a separate seedling.
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The nature of the dependency between \p^ and its components in both 
stock types is clearly defined by the equations presented in Table 2. 
Treatment responses mirror those obtained in Experiment 1. Again, 
droughted plants show almost a doubling .in the ip^ (-1.69 to -3.22 MPa) 
at which incipient plasmolysis can be expected.
The total water-soluble sugar content of foliage is plotted as a 
function of \j) in Figure 5. A marked rise in sugar content of both stock 
types accompanied a reduction in \p . Foliage starch levels varied 
independently of stock treatment and \p within the range 138 to 161 mg 
glucose equivalents g ^ODW.
DISCUSSION
This study has amply demonstrated that the leaf water potential/ 
relative water content relationship, commonly referred to as the desorption-, 
moisture characteristic-, or desiccation-curve (e.g. Jarvis and Jarivs,
1963; Seidel, 1972; Tunstall and Connor, 1975), in the foliage of Caribbean 
pine seedlings can be modified by appropriate stock conditioning treat­
ments (Figures 1 and 4). Conditioned seedlings lose only a small amount 
of tissue water, compared with non-conditioned stock, for a relatively 
large decrease in \p ; hence the approach of the 'critical turgidity for 
cell damage' (i|^ =0) is delayed in conditioned stock (Jarvis and Jarvis, 
1963). Visual observations of stock wilt support these analyses. The 
ability of a plant to maintain turgor as water potentials decrease is an 
important adaptation to water deficits (Turner, 1978). Other workers have 
reported a similar intra-species change in the leaf moisture characteristic 
curve of other plants following a history of imposed plant water deficits, 
e.g. Jarvis and Jarvis (1963) for aspen and birch, Millar et al.(1968) for
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FIGURE 5. Total water-soluble sugar content (mg glucose equivalent g *ODW) in the 
foliage of glasshouse-grown P. caribaea seedlings as a function of leaf
water potential (t ) . Stock treatments were; A1(□):watered daily and
£ 1
roots left undisturbed, B (■): watered once in three weeks and roots 
left undisturbed. Sugar analyses were conducted on bulked samples from 
4 to 6 seedlings. 4* values are the mean of 4 to 6 pressure chamber 
readings.
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barley and Ng et al. (1975) for green panic. Even though all these 
results were obtained under glasshouse conditions it would be unwise to 
assume (cf. Williams, 1975) that the ij^ /RWC relationship could not be 
altered in pine under field conditions. Hsiao et al. (1976a) and 
Turner (1978) cite a number of instances where changes have been demon­
strated in broad-leafed and grass species grown under field environments.
The leaf moisture characteristic curve is generally regarded as a 
good indicator of drought resistance in plants (Jarvis and Jarvis, 1963; 
Sanchez-Diaz and Kramer, 1973) . In particular the RWC corresponding to 
a ip^ value of -1.5 MPa (RWC^ )^ has been used as a measure of the dehy­
dration-avoidance aspect of drought tolerance (Levitt, 1972; Ng et al., 
1975). A high RWCL  ^ denotes a tolerant plant. In Experiment 1, 
conditioned seedlings had RWC^  ^values of 84.0% (Treatment D) and 81.3% 
(Treatment C) compared to 76.5% for non-conditioned stock (Treatments A 
and B), while in Experiment 2, the corresponding values were 86.2% 
(Treatment B'') and 75.6% (Treatment A''). In both trials then, an RWC^  ^
differential of 5 to 10% was recorded in favour of the conditioned pines 
and this result correctly predicts both the rate of \p^ decrease and the 
survival capacity of these plants relative to that of non-conditioned 
stock.
An explanation for the adaptive shifts in the ip^ /RWC relationships 
and the associated maintenance of plant turgor at low leaf water potentials 
(Figure 3) is provided by the differing ability of pre-stressed and 
non-stressed stocks to alter their osmotic potentials (Figures 2 and 4). 
Conditioned stock possessed significantly lower values of ipthan their 
well watered counterparts over the entire RWC and ip range encountered.
4>o can be lowered in two ways (Hsiao et al., 1976a); (i) by tissue
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dehydration, resulting in a passive concentration of the existing 
solutes and (ii) by uptake or internal production of osmotically active 
substances. The latter phenomenon of active solute buildup has been 
termed osmoregulation or osmotic adjustment (Turner, 1978).
Calculations reveal that tissue dehydration per se cannot account 
for a lowering of ip^ by more than c.0.30 MPa. For example, the \p^ 
contribution of a given amount of solute, say 100 mg sugar (glucose) g * 
0DW,in a non-conditioned pine leaf (from Experiment 2) will fall by only 
-0.21 MPa if the RWC of that tissue drops from 89% to 60% (the correspond­
ing moisture contents (MC) are 308% and 205% - see Figure 6). In a 
conditioned leaf the fall over the same RWC range (MC 204% to 162%) 
is -0.16 MPa. Hsiao et al. (1976a) likewise reported that a lowering 
of \p^ by more than -0.30 MPa through dehydration would reduce ip^ to zero 
in most crop species.
Hence, osmoregulation offers the only factual explanation for the 
large \p differential observed, especially at high RWC. Despite the 
fact that numerous studies have shown that ip^ is lowered by water stress 
(Schopmeyer, 1939; Kramer, 1969) and that the occurrence of osmotic 
adjustment has long been recognised in various lower plants (fungi, 
algae, mosses) and halophytes (Hellebust, 1976) the principle of osmo­
regulation as a mechanism for glycophyte (non salt-tolerant plants) 
adaptation under moisture stress conditions is only now meeting general 
acceptance in the literature on plant water relations (Meyer and Boyer, 
1972; Behboudian, 1977; Cutler and Rains, 1977). Hsiao et al. (1976a) 
and Turner (1978) point out that a failure to appreciate the importance 
of turgor in mediating plant processes and to distinguish between osmotic 
adjustment and dehydration in obtaining a lowered \p^ has led to this
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FIGURE 6. The relationship between leaf moisture content and leaf relat­
ive water content determined for glasshouse-grown P. caribaea 
seedlings. Experiment 1 stock treatments were; (a ) watered, 
(a ) droughted. Experiment 2 stock treatments were; (□)
watered, (■) droughted. Each point represents data collected
2on a separate seedling. The appropriate R value is displayed 
for each regression line.
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situation. These authors have reviewed recent studies in which crop 
and pasture species have displayed the osmoregulation phenomenon. This 
study is tlie first to show that pre-stressed pines also possess the 
capacity to maintain turgor in this manner.
The conditioning-induced change in the \p^ value at which \p 
approaches zero in these pine seedlings is compared with other published 
displacements of the ip /ip relationship in Table 4. The largest displace-
P 36
ments (-2.29 and -1.53 MPa) occurred in conditioned pines from this 
study. This does not necessarily indicate, however, a greater inherent 
capacity for osmotic adjustment in pines for the result would probably be 
influenced by the severity of the conditioning regimes and the growing 
environment employed.
TABLE 4. Some published conditioning-induced changes in the leaf water 
potential (i|> ) at which pressure potential (\p ) is reduced
36 Pto zero.
\p^ (MPa) at which 1^=0
Growing Watered/ Droughted/
Environ- Control Condition-
Plant Species ment Plants ed Plants Displacement Reference
Carribean Glasshouse -1.46 -3.75 -2.29 This study (Exp
pine
-1.69 -3.22 -1.53
1)
This study 
(Exp. 2)
Brigalow Field -3.50 oo•LO1 -1.50 Tunstall $ 
Connor (1975)
Cotton Growth -2.70 -3.60 -0.90 Brown et al.
Cabinet (1976)
Sorghum
Var. RS.610 Glass- -1.05 -1.85 -0.80 Jones 6 Turner
house (1978)
Var.Shallu -0.80 -2.05 -1.25
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The capacity of conditioned seedlings to osmoregulate and maintain 
positive turgor over a wide range ensures that appropriately treated 
stock avoid known (but not well understood) damage to cell membranes, 
organelles and metabolic processes during subsequent stress periods 
(Levitt, 1972; Oertli, 1976; Heber and Santarius, 1976; Lee-Stadelmann 
and Stadelmann, 1976). If the same adaptation occurred in nursery 
treated stock, and all indications are that it should, then it could help 
explain the survival success of transplanted root-wrenched pine seedlings 
(Bacon and Hawkins, 1977). Furthermore, since it is generally recognised 
that turgor plays a crucial role in modulating plant growth processes 
(Hsiao, 1973; Hsiao et al., 1976b) one could expect turgor maintenance at 
low \p^ to result in continued shoot growth. Again supportive evidence 
is available from field studies (Bacon, 1975; Benson and Shepherd, 1977). 
The situation with growth maintenance is, however, not at all simple. 
Conditioned Caribbean pines grew significantly slower than controls during 
all stages of the glasshouse conditioning phase. This dilemma of growth 
reduction while turgidity is maintained has been recognised elsewhere 
(see Oertli, 1976; Hsiao et al., 1976a) but as yet there are no definitive 
explanations.
One other tissue parameter, cell rigidity or elasticity, has often 
been cited as having a significant influence on the ij^ /RWC relationship 
(Kassam and Elston, 1974; Turner, 1974a; Ng et al., 1975). However, 
Turner (1978) calculated for an ideal system that a doubling of tissue 
elasticity would have only c.10% of the effect that a doubling in osmotic 
potential would have on turgor maintenance. Furthermore, he argues 
that any osmotic adjustment that leads to an increase in turgor will 
itself cause some decrease in tissue elasticity. Calculation of a bulk
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modulus of elasticity from the ip /RWC relationship (Figure 4) as the
ratio AiJj /ARWC (after Hellkvist et al., 1974) when \p approaches a P P
maximum, gave values of 12.20 MPa and 5.00 MPa for conditioned and non- 
conditioncd stock respectively. Corresponding values from Experiment. 1 
stock are A+B: 9.00, C: 15.00 and D: 17.50 MPa. Since tissue elastic­
ity is inversely related to the elastic modulus this result corroborates 
the majority of findings (see Turner, 1978) that drought resistant plants 
are more inelastic.
A start was made (Experiment 2) on characterising the nature of 
the solutes accumulating during osmotic adjustment. Total water-soluble 
sugars increased appreciably on an oven dry weight basis in pine foliage 
under the influence of an increasing water deficit (Figure 5). Similar 
drought induced changes in sugar content have been recorded in a range 
of plants including pine tissue (Hodges and Lorio, 1969; Stewart, 1971). 
Rook et al. (1976) however, could find no change in the foliage-sugar 
content of potted radiata pine saplings droughted over 5-6 weeks and 
they suggested that starch to sugar conversions would occur to maintain 
metabolic sugars at a constant level. Others have established a causal 
relationship between a sugar buildup and increased starch hydrolytic 
activity under moisture stress (Takaoki, 1968; Maranville and Paulsen, 
1970). Lowered did not influence starch contents in this study so 
the sugar increase must derive from new assimilate production (cf. Munns 
and Pearson, 1974; Kluge, 1976).
An important feature of the sugar/i]^ curve is that the extent and 
rate of sugar accumulation was approximately the same in both conditioned 
and non-conditioned plants. This result was unexpected in view of the 
significantly lower osmotic potentials determined in conditioned plants.
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The point was made earlier that a iJj contribution from the sugar levels 
endogenous to conditioned stock will be higher (maximum c. -0.30 MPa) 
than from identical levels in non-eonditioned plants because of the 
different moisture content/relative water content relationships that 
exist (Figure 6), but that these 'extra' contributions cannot bridge 
the entire ip discrepancy between stock types. Rook (1971) also found 
that frequently root-wrenched nursery-grown radiata pine seedlings did 
not contain higher soluble sugar contents than infrequently treated 
plants. Since sugars contributed less than 40% of the osmotic 
potential actually recorded it is clear that the search for osmotically 
active compounds accumulating in these pines must be extended. Likely 
candidates are cyclitols'*' (Anderson, 1972; Anon., 1976), betaine (Storey 
et al., 1977), sugar alcohols (Harborne, 1973), proline and other amino 
acids (Parker and Patton, 1975; Lawlor and Fock, 1977; Stewart et al., 
1977) and inorganic ions (Jones and Turner, 1978).
Some 'preliminary' evidence was obtained that carribean pine roots 
also possess the capacity to osmoregulate (Figure 7). Clearly a more 
detailed investigation of this aspect is warranted. It is interesting 
to note that Greacen and Oh (1972) and Hsiao et al. (1976a) have 
demonstrated a similar adjustment in pea and maize roots respectively. 
Such an adaptation could confer special advantages to plants. For 
example, a lowered root osmotic potential would provide a more favourable 
gradient for water absorption from a dry rooting medium (Kramer, 1959; 
Kaufmann, 1976a). Hsiao and Acevedo (1974) also argue that a more
T
The presence of pinitol, sequoyitol and myoinositol as well as the 
organic acids shikimic and quinic in foliage and root samples taken from 
these P. caribaea seedlings has been unequivocally confirmed by gas- 
liquid chromatography-mass spectrometry. These analyses were kindly 
conducted by Mrs A. Cranswick of the New Zealand Forest Research 
Institute, Rotorua.
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FIGURE 7. Root osmotic potential as a function of root water 
potential determined on P. caribaea seedlings grown 
in the glasshouse under the following treatments;
(□): watered daily and roots left undisturbed, 
B1 (■): watered once in three weeks and roots 
left undisturbed. Each point represents data coll­
ected on a separate seedling.
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substantial osmotic adjustment in roots relative to shoots would allow 
preferential root development when water was limiting. Root/shoot 
ratios do in fact increase with water stress (Turner, 1978) and Carib­
bean pine seedlings arc no exception (Table 1\ Paper 1; Muttiah, 1970).
It is clear that turgor maintenance via osmotic adjustment is one 
adaptation providing conditioned Caribbean pine plants with a measure of 
drought tolerance while enduring low water potentials (cf. Turner, 1978). 
The ability of conditioned seedlings to recover from low tissue water 
contents is a further measure of this tolerance. Crafts (1968) concluded 
that desiccation resistance is not a matter of mechanical-structural 
properties of plants but rather is a property of the protoplasm, referred 
to as 'protoplasmic resistance' by Parker (1972). The factors contribut­
ing to the tolerance of protoplasm to dehydration remain unresolved 
(Parker, 1972), though maintenance of membrane permeability seems 
critical for cell survival (Giles et al., 1976). The well known protect­
ive effect of sugars and related compounds against stress damage may 
result from a membrane stabilisation (Lee-Stadelmann and Stadelmann, 1976). 
It is in this latter capacity that the accumulation of osmotically 
active compounds during osmoregulation may well serve an additional role 
to the one of turgor maintenance.
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PAPER 6
WATER RELATIONS OF DROUGHT-CONDITIONED P IN U S  
CARIBAEA  MOR. VAR. HONDURENSIS  B.S G. SEEDLINGS. 
I I .  PRESSURE-VOLUME CURVE DETERMINATIONS
ABSTRACT
P r e s s u r e - v o l u m e  (P-V) c u r v e s  w e re  c o n s t r u c t e d  ( a f t e r  T y r e e  and 
Hammel,  1972) f rom m e a s u r e m e n t s  made i n  a S c h o l a n d e r - t y p e  p r e s s u r e  
cham ber  on d e t a c h e d  s h o o t s  o f  g l a s s h o u s e - g r o w n ,  c o n d i t i o n e d  and n o n -  
c o n d i t i o n e d  C a r i b b e a n  p i n e  s e e d l i n g s .  The s e e d l i n g s  w e re  s am p led  
f rom  t h e  same b a t c h e s  o f  s t o c k  u s e d  i n  t h e  p r e v i o u s  s t u d y  ( P a p e r  5 ) .
D e t a i l e d  a n a l y s i s  o f  t h e  P-V c u r v e s  p r o v i d e d  a num ber  o f  b u l k  
p a r a m e t e r s  i n c l u d i n g ,  o s m o t i c  p o t e n t i a l  a t  maximum t u r g o r  (ipQ q ) , 
o s m o t i c  p o t e n t i a l  a t  i n c i p i e n t  p l a s m o l y s i s  ( \ p ^  and a c o e f f i c i e n t  
d e f i n i n g  t h e  d e p e n d e n c e  o f  ip on w a t e r  c o n t e n t ;  w h ich  t o g e t h e r  w i t h  
t h e  r e l a t i o n s h i p s  e s t a b l i s h e d  b e t w e e n  w a t e r  p o t e n t i a l  C^s ]l o o t ) an<^  i t s  
c o m p o n e n t s ,  o s m o t i c  p o t e n t i a l  (ij^) an d  p r e s s u r e  p o t e n t i a l  ( 4 ^ ) ,  and 
s h o o t  w a t e r  c o n t e n t  i n  t h e  fo rm  o f  H o f l e r - t y p e  d i a g r a m s ,  p r o v e d  most  
u s e f u l  i n  c h a r a c t e r i s i n g  i m p o r t a n t  f e a t u r e s  o f  t h e  w a t e r  r e l a t i o n s  o f  
t h e  e x p e r i m e n t a l  s h o o t s .
C o n d i t i o n e d  s e e d l i n g s  we re  shown t o  b e  c a p a b l e  o f  m a i n t a i n i n g  a 
p o s i t i v e  t u r g o r  o v e r  a  w i d e r  ^ s j^ 0 q-(- r a n g e t h a n  was p o s s i b l e  w i t h  n o n -  
c o n d i t i o n e d  p l a n t s .  T h i s  c o u l d  be  e x p l a i n e d  w h o l l y  b y  a s i g n i f i c a n t  
l o w e r i n g  o f  i p ^  q and i p ^  i n  c o n d i t i o n e d  p l a n t s ,  s i n c e  t h e  ip^  d e p e n d e n t  
b u l k  m o d u lu s  o f  e l a s t i c i t y  was shown t o  b e  h i g h e r  i n  t h e s e  p l a n t s .  The 
r e s u l t s  o f  t h e  P-V a n a l y s i s  c o n c u r  w i t h  t h e  e a r l i e r  p s y c h r o m e t r i c  
d e t e r m i n a t i o n s  o f  \ p  ( P a p e r  5) and u n e q u i v o c a l l y  d e m o n s t r a t e  t h e  e n h a n c e d
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osmoregulatory capability of conditioned seedlings.
Errors may be associated with the normalisation of shoot water 
contents because the model assumes that plant material is initially 
at a relative water content of 1.0 (^spoo1:=0) • This problem is 
discussed along with certain aspects of the 'negative turgor' debate.
INTRODUCTION
Scholander et al. (1964) re-introduced the pressure chamber 
technique for the measurement of 'hydrostatic pressure' in plant vascular 
systems, now referred to as xylem pressure potential (P) (Ritchie and 
Hinckley, 1975) . P generally provides a close estimation of leaf water 
potential (4^ ) (Boyer, 1969) and since the chamber technique offers a 
fast and efficient alternative to psychrometric and gravimetric vapour 
exchange methods of measurement, it quickly gained widespread accept­
ance. The pressure chamber has also found application in studies of 
stem resistance to water flow (Tyree et al., 1975) and membrane damage 
(Turner, 1976) as well as in a number of other novel circumstances listed 
by Ritchie and Hinckley (1975).
One further use of the pressure chamber is in the construction of 
pressure-volume (P-V) curves, i.e. a plot of the inverse balance press­
ure vs. sap volume expressed (Scholander et al., 1964). Analyses of 
P-V curves (see Materials and Methods) provide estimates of water 
potential (40 and its components, osmotic (40 and pressure (turgor) 
potential (4;^ ) , together with a knowledge of their interrelationships 
and dependence on tissue water content. Few detailed studies of this 
kind have been conducted to date (Tyree et al. (1973) with hemlock; 
Hellkvist et al. (1974) with spruce; Cheung et al. (1975) with eleven
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North American trees; Ladiges (1975) with eucalypt; Powell and Blanchard 
(1976) with apple trees and Roberts and Knoerr (1977) with five North 
American trees). Most investigators who appreciate the importance
of component potentials in determining a plant's response to water 
stress (Hsiao et al., 1976a; Turner, 1978) invariably employ the faster 
psychrometric determination of \p (cf. Paper 5) .
Recent papers by Tyree (1976a,b) and others (Boyer and Potter,
1973; Talbot et al., 1975) have drawn attention to dilution errors 
associated with the \po measurement on frozen-thawed tissues (xylem and 
cell wall water, i.ec apoplastic water, mixed in with cell protoplasm, 
i.e. symplasmic water), which can lead to the characterisation of 
'spuriously' high negative turgors (Paper 5; Warren Wilson, 1967b; 
Tunstall and Connor, 1975; Turner, 1974b, 1978). The pressure chamber 
procedure avoids this problem since few, if any, cells are ruptured 
(Tyree and Hammel, 1972).
This paper reports on the establishment and analysis of pressure 
volume curves for conditioned and ron -conditioned glasshouse-raised 
P. caribaea seedlings. The primary aim was to verify the findings from 
Paper 5 that conditioned stock possess a greater capacity to osmo- 
regulate, i„e. adjust osmotically,than non-conditioned stock and thereby 
maintain positive turgor at higher water deficits.
MATERIALS AND METHODS
Plant Material
Plants were taken from the two batches of seedlings raised in the 
Canberra phytotron for the experiments described in Paper 5. Growing
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conditions and cultural treatments were detailed in that paper. Briefly, 
Experiment 1 stock received one of the following four treatments over a 
12 week period; (A) watered daily and roots left intact, (B) watered 
daily and roots cut once a week, (C) watered once a fortnight and roots 
left intact, (D) watered once a fortnight and roots cut once a week. 
Experiment 2 stock received one of the following two treatments over a 
21. week period; (A"“) watered daily and roots left intact, (B'') watered 
once in three weeks and roots left intact. P-V curves were constructed 
for each of three plants randomly sampled from each treatment.
Pressure-Volume Curves. I. Theory
A P-V curve is the graphical representation of the results of an 
incremental series of concurrent equilibrium pressure (P) and expressed- 
sap volume (V^) measurements made on a leafy shoot in a pressure chamber. 
The plot is made of I/P vs. Vg and it is normally found to be curvilinear 
and can be described by either of the following equations (after Tyree 
and Hammel, 1972),
I/P = V/(RTN - f(V))
= (VQ -Ve)/ (RTN - f(V)) 
or I/P = V/RTN when f(V) = 0
= l/*!*
Eqn. 1
Eqn. 2
where Vq is the original volume of osmotic (symplasmic) water, ^ = ^ 0 ~ ^ e  
is the water volume remaining in the cells, N is the total number of 
osmoles of solutes in all living cells, R is the gas constant, T is the 
absolute temperature, f(V) is an unspecified function of V representing 
the dependence of pressure potential primarily on cell volume and cell
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wall elasticity (f(V)/V is usually termed the volume averaged turgor 
pressure) and ip is the osmotic potential.
The non-linear region of the P-V curve (defined by Eqn. 1) is a 
resultant of both pressure and osmotic potential changes in the cells, 
whereas the linear region can be attributed to the osmotic component 
alone. The model assumes that matric potential (i|; ) in the symplasm 
is either negligible or if it is important it has the effect of binding 
a small constant volume of water to protoplasmic polymers (Tyree, 1976a).
A number of bulk parameters of interest in describing the water 
relations of the enclosed shoot can be determined from the P-V curve. 
Extrapolation of the linear part of the curve to V^=0 gives the initial 
osmotic potential, \p^ q, and extrapolation to I/P=0 gives a measure of 
V . Equation 2 can therefore be restated as,
l / \ p  =  1 / i p - g V o o,o e
where 3 is the slope of the line relating 1 / \ p to V^. The point at which 
the P-V curve just becomes linear corresponds to the point of incipient 
plasmolysis (f(V)=0 or ij; =0) and the corresponding osmotic potential and 
water volume remaining are designated \p^ and V^ respectively. The 
difference between P and \p (calculated from Eqn. 2) gives a measure of 
pressure potential. Free or symplasmic water content (F) (analogous 
to relative water content) can be defined as,
F = V/V = (V -V )/V o o e o
and relative water content (R) is,
R = < W /Vt
where V^ is the total water content of the shoot obtained as (turgid 
weight -oven dry weight)/p, where p is the density of water (taken as
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-31000 kg m throughout). The volume of apoplastic water (K) in the 
shoot is given by,
K = V - V . t o
Pressure-Volume Curves. II. Practical
To make the results between plants of the one experiment compar­
able (cf. Cheung et al., 1975), each potted plant was hydrated to near 
maximum pressure potential (turgor) by standing it for 15 hours in a 
tray of water and enclosing the shoot in a plastic bag. The shoot was 
then detached with a single clean cut and sealed into the pressure 
chamber. To reduce evaporation from the shoot to the dry gas in the 
chamber (found to be quite substantial in preliminary trials) wet tissues 
were placed in with the shoot. Since continuous exposure of conifer 
shoots to more than a few hours of pure nitrogen gas results in extensive 
tissue mortality (Tyree et al.;1973) a partial pressure of 0.20 to 0.30 
MPa of oxygen was maintained throughout the long (8 to 9 hour) measure 
period. No indications of shoot death, e.g. unexpected decrease in 
balance pressure or change in sap colour, were observed.
After recording the initial balance pressure (never higher than 
-0.27 MPa) the pressure in the chamber was increased in steps of 0.10 
to 0.40 MPa over the previous balance pressure. The time taken for 
sap flow to cease varied between plants (whether pre-stressed or not) 
and depended on the chamber pressure. For example, a well-watered 
plant usually took 20 to 30 minutes to equilibrate at pressures less 
than 1.00 MPa but the equilibration time rose to 45 to 60 minutes at 
pressures greater than 1.00 MPa. Comparable times for a previously 
droughted plant were 10 to 15 minutes and 30 to 60 minutes respectively.
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Balance points were readily determined with the aid of a binocular 
microscope.
Expressed sap was absorbed by a preweighed collecting device that 
consisted of a 4 cm x 1 cm glass vial filled with dry tissue paper to 
within 1 cm of the top and capped with a Whatman No.l filter disc. The 
collecting unit was inverted over the stem butt protruding from the 
pressure chamber, with the filter disc in contact with the cut surface 
of the stem (Plate 1). The vials were changed frequently and re­
weighed to within 0.1 mg.
After the final measurement the shoot was removed from the chamber 
and its fresh weight immediately determined (to within 0.1 mg) before 
oven drying (48 hrs 80°C). The turgid weight of the shoot was estimated 
(after Ladiges, 1975) from a plot of P vs. shoot fresh weight by extra­
polating the line back to zero pressure (Figure 1).
RESULTS
Experiment 1
Representative P-V curves for stock from each treatment of Experi­
ment 1 are shown in Figure 1. A single P-V curve adequately described 
the response from both well-watered treatments (A and B). All P-V 
curves exhibited the characteristic two-phase relationship; an initial 
non-linear portion at low values of V^ (volume expressed) and a linear 
relationship at higher values of V . In every instance the P-V curves 
from the two drought treatments (C and D) were clearly distinct from 
each other and even further separated from the treatment A+B curve.
The water volumes actually removed from the samples ranged from 1.7 to
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PLATE 1: Apparatus used for measuring balance pressures (P) and 
expressed xylem-sap volumes (Vg) on P. caribaea shoots. 
Pressure-volume curves were constructed from these data 
P: pressure chamber, C: inverted collecting vial filled 
with absorbant tissue, B: binocular microscope,
V: valve taps.
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FIGURE 1. Pressure-volume (P-V) curves for P. caribaea seedlings raised 
in the glasshouse under the following treatment regimes; (O) 
watered daily, (#) watered once a fortnight and roots kept 
intact, (A) watered once a fortnight and roots cut weekly.
The inverse balance pressure (I/P) was plotted against the 
volume of expressed water (Ve). Extrapolation of the straight 
line portion to the ordinate gives an estimate of osmotic 
potential at maximum turgor q) while extrapolation to 
the abscissa gives an estimate of the total osmotic (symplasmic) 
water volume (Vq). The insert shows how shoot turgid weight 
is estimated by extrapolation of the P vs. shoot fresh weight 
to zero pressure.
2.2 ml or about half of the original osmotic water fraction.
The bulk parameters estimated from these curves together with 
treatment means are listed in Table 1. The osmotic potential at max­
imum (\p^  and minimum (ij^ ) turgor was clearly lowered (maximum
of -0.72 and -0.93 MPa respectively) in proportion to the intensity 
of pre-stressing given the plants. Since absolute  ^values repres­
ent the water potential limits of positive turgor maintenance treated 
stock displayed a significantly higher maintenance capacity than 
controls. Furthermore, conditioned plants retained a significantly 
(p=0.05) higher percentage (76.5%) of their original osmotic water at 
incipient plasmolysis than the watered controls (71.5%). The data also 
show that the majority of water (65%)in non-conditioned plants was 
contained within the apoplast, whereas previously droughted stock con­
tained more of their water (up to 65%) in the symplasm. The larger 
$-coefficient values for non-conditioned plants indicate a lower rate of 
increase per unit volume of sap expressed than in conditioned stock.
Experiment 2
P-V curves were established as before and the appropriate bulk 
shoot parameters derived from them are given in Table 1. Conditioned 
stock were again characterised by lower osmotic potentials, both ^  q 
(A of -0.87 MPa) and (A of -0.94 MPa), and more water in the symplasm,
The data were also used to construct both plots of water potential vs.1 
percent osmotic water loss and Hofler-type diagrams (typical curves are 
provided in Figures 2 and 3 respectively). The contribution of osmotic 
and pressure potential to water potential together with their dependence 
on shoot moisture content are readily gauged from an examination of these 
figures. Conditioned seedlings displayed a greater water potential drop
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TABLE 1. Summary of various bulk shoot, parameters estimated from the 
pressure-volume curves of glasshouse-grown, conditioned 
and lion-conditioned P. caribaea seedlings. Given are, ip = 
osmotic potential at maximum turgor; ^o,p = osmotic poteh^ial 
at incipient plasmolysis (IP); (=V^/Vq) = osmotic water
content at IP; K^ _( = K/V ) = apoplastic water fraction;
ß( = l/\po qX 1/Vq) = coefficient defining the dependence of
osmotic potential on water content. Units of potential are 
MPa. Units of ß are kPa“l ml-1. Values in parentheses are
those taken from the curves supplied in Figure 1.
Stock ip0 ,0 ipo,p FP h 3
Experiment 1
Non-conditioned: -1.11 -1.46 0.715 0.646 2.09
Tmt. A+B; watered (-1.02) (-1.39) (0.727) (0.656) (2.22)
Conditioned: -1.52 -2.02 0.750 0.547 1.65
Tmt. C; droughted (-1.53) (-2.04) (0.744) (0.570) (1.68)
Tmt. D; droughted + -1.83 -2.39 0.765 0.348 1.61
watered (-1.79) (-2.33) (0.762) (0.330) (1.66)
LSD0.05 -0.31 -0.45 0.031 0.092 0.24
Experiment 2
Non-conditioned: -1.01 -1.37 0.723 0.569 1.54
Tmt. A^; watered (-1.04) (-1.39) (0.749) (0.553) (1.55)
Conditioned: -1.88 -2.31 0.814 0.405 1.33
Tmt. B"; droughted (-1.85) (-2.27) (0.808) (0.439) (1.33)
LSD0 o 05 -0.36
toLOo1 0.040 0 . 1 1 1 0.15
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OSMOTIC W A T E R  L O S S / O R I G I N A L  OSMO T I C  W A TER V OLUME (%)
FIGURE 2. A plot of shoot water potential versus percent osmotic water loss 
(Ve/Vo%) as predicted by the pressure-volume curves of P.caribaea 
shoots raised in the glasshouse under the following treatment regimes; 
(□)watered daily and roots left intact, (ajwatered once in every 
three weeks and roots left intact. Extrapolation of the upper portion 
of each curve (where water potential equals osmotic potential) back 
to the ordinate gives the original osmotic potential of the symplasm
(t ) .0,0
Jbb
I I0-95 0-90 R
/
I I0-95 0-90
SHOOT WATER CONTENT
FIGURE 3. Hbfler-type diagrams constructed from pressure-volume curve data showing the relat­
ionships between, triangles: negative shoot water potential,  ^sploot» circles :negat- 
ive osmotic potential, 4^; squares: positive pressure potential, 4* , and change in
shoot water content (F = osmotic water content = (V -V )/V and R = relative watero e' o
content = (V -V )/V ) for glasshouse-grown P. caribaea seedlings. Open symbols 
represent well-watered control stock and closed symbols represent plants previously 
subjected to seven three-week drought cycles.
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per unit decrease in shoot water content than non-conditioned plants. For 
example, at a water potential of -2.20 MPa droughted plants had lost only 
18.4% of their original osmotic water while controls had lost 52.0%
(Figure 2) . For most shoots between 75% and 80% of the water potential 
change occurring between full turgor and incipient plasmolysis is accomp­
lished by the change in pressure potential (Figure 3). Conditioned plants 
can maintain positive turgor down to a shoot water potential (^  hoot^
-2.31 MPa, watered controls only down to a ^s^oot °f -1.37 MPa. The 
greater A(i^ o p“^0 0) values occurring in conditioned plants (Figure 3) 
are predicted by the smaller 8-coefficients calculated for this stock 
(Table 1).
DISCUSSION
Construction of pressure-volume curves for conditioned and non- 
conditioned Caribbean pine seedlings has offered an alternative means of 
estimating bulk shoot parameters, describing their respective water 
relations, to that used previously (Paper 5). The P-V curve determinat­
ions show that pre-stressed plants possess lower osmotic potentials 
than well watered controls over the entire shoot water content range 
(Figures 1,2 and 3). The osmotic adjustment in favour of conditioned 
plants at maximum turgor (Aij^  q) lies in the range -0.41 to -0.87 MPa 
(Table 1). This compares closely with the corresponding range of -0.32 
to -0.64 MPa calculated before by regressions of on (Table 2 of 
Paper 5). The enhanced capacity of conditioned plants to osmoregulate 
has, therefore, been conclusively demonstrated by two distinct techniques. 
The importance of the osmotic-adjustment adaptation to subsequent seed­
ling survival and growth under adverse environmental conditions was
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discussed in Paper 5. To date the P-V procedure has not been used for 
the verification of psychrometric-determined osmotic adjustments in 
plants; clearly the methodology is useful in this respect. P-V curves, 
however, have been used in comparing q and \p^ values between species 
(e.g. Cheung et al., 1975; Roberts and Knoerr, 1977) though the results 
of this study suggest that meaningful interpretations could only be made 
when growth pre-histories of experimental stocks are quite similar.
Osmotic adjustment in conditioned plants allows turgor maintenance 
over an extended shoot water potential range. For example, ip^ values 
(^ o = when 'Pp = 0) are approximately -1.00 MPa lower in conditioned
plants (Table 1). This is smaller than the ip vs. ip^ line displacements 
at incipient plasmolysis previously observed (-1.53 to -2.29 MPa in 
Table 4 of Paper 5), but in those studies plants had a long dehydration 
period (15 to 38 days) in which to further osmoregulate.
In contrast to droughted plants,non-conditioned stock underwent 
rather extensive losses of osmotic water even at relatively high shoot 
water potentials (Figure 2). Avoidance of tissue desiccation and hence 
basic metabolic damage at moderate water deficits in conditioned plants 
is a most desirable plant adaptation to water stress (Levitt, 1972;
Turner, 1978). Cheung et al. (1975) observed similar interspecific 
adaptations in broad-leafed trees. Such an adaptation suggests that 
regulatory control of the water flux through the plant may also vary 
between stocks and this aspect is further investigated in the following 
paper (Paper 7).
P-V curves provide the necessary input for the presentation of the 
interaction of water potential and its components as a function of intra­
cellular water content (Figure 3). Other authors (e.g. Slatyer, 1967;
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Hellkvist et al., 1974; Powell and Blanchard, 1976) have commented on 
the desirability of providing Hofler-type diagrams for the rapid assess­
ment of the water relations characteristics of experimental stock. The 
representative diagrams provided here (Figure 3) not only highlight the 
osmotic adjustment (A^o q) that had already occurred in conditioned 
relative to non-conditioned seedlings but also give an indication of the 
added osmoregulatory capacity of stock through further change in osmotic 
potential (4^  - q) since measured changes (up to -0.42 MPa in this
study and up to -1.20 MPa in the studies by Hellkvist et al. (1974) and 
Roberts and Knoerr (1977)) cannot be solely accounted for by passive 
solute buildup (i.e. desiccation per se) (cf. Paper 5 calculations of 
solute contributions to osmotic potential). This latter aspect has been 
overlooked in other studies. A quantitative measure of this added 
capacity to osmoregulate is given by the 3-coefficient value (Table 1).
It is lower in conditioned plants and correctly predicts that these 
plants can lower osmotic potentials faster than controls during subsequent 
tissue drying (cf. Figure 2). A similar result was obtained under the 
extended drying times of the previous studies (refer to slopes of ij^ vs.ij^  
regression lines in Table 2 of Paper 5).
The Hofler-type diagrams (Figure 3) also highlight the very rapid 
change in the 4,sj-100t °f conditioned relative to comparison stock over 
small water content fluctuations. This feature is generally recognised 
as an indicator of drought tolerance in a plant (Paper 5, Ng et al.,1975). 
Most (>75%) of this change in ^sj100t: can be ascribed to change in since, 
as mentioned above, changes during the quick drying phase in the 
pressure chamber are relatively small. Tyree and Hammel (1972) and Ladiges 
(1975) showed for a range of tree species (including firs, spruces, beech
and eucalypts) that pressure potential is related to cell volume by a 
power law,
Volume Averaged Turgor 
Pressure
rv-v ) ^ p; when V>VP
Eqn. 3
VP
= 0 when V<V
P
where e" (as originally defined by Tyree and Hammel, 1972) is the bulk 
modulus of elasticity, n is a coefficient of non-linearity and the 
volume terms are as defined earlier. Other workers, for example llellkvist 
et al. (1974) with sitka spruce and Powell and Blanchard (1976) with 
apple trees, found that an exponential function of symplasmic volume 
more closely fitted the turgor values. The data of Figure 3 (where 
V>Vp) were replotted in various models and the best fit was given by 
Eqn. 3 (Figure 4). Nevertheless, Cheung et al. (1976) have recently 
recommended against the practice of estimating the actual bulk modulus 
of elasticity (e) from such a plot. They now recognise that their 
original z' value of Eqn. 3 does not bear a simple relation to e.
Hellkvist et al. (1974) defined a bulk modulus (e) as,
where F is the osmotic (symplasmic) water content. For spruce they 
found e was linearly related to ip . Data from Figure 3 were used to
plotted as a function of osmotic water content (Figure 5) and pressure 
potential (Figure 6).
e = dip /d (V/VQ)
= dipp/dF Eqn. 4
Differences in magnitude and the rate of change of bulk elastic 
modulus between the two stock types (Figure 5) mimic the corresponding
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FIGURE 4. The dependence of pressure potential on the relat­
ive volume of the symplasm ((V-Vp)/Vp) for (□) 
well watered and (■) droughted glasshouse-grown 
P. caribaea seedlings. The log-log linearity con­
firms the relationship given in Equation 3.
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FIGURE 5. Bulk modulus of elasticity as a function of osmotic water content 
((Vo-Ve)/VQ) for (□) well watered and (■) droughted glasshouse- 
grown P. caribaea seedlings.
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FIGURE 6. Bulk modulus of elasticity as a function of pressure potential for (□) 
well watered and (■) droughted glasshouse-grown P. caribaea seedlings.
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ipp vs. F relationships shown in Figure 3, and clearly suggest a close
association between cell wall elasticity and turgor. The dependence of
c on ip^ is in fact demonstrated in Figure 6. The relationship is not
linear as was determined by Hellkvist et al. (1974); instead e rises to
a maximum constant value at high shoot turgor. Relationships of this
form have been obtained by Cheung et al. (1976) for a number of tree
shoots and by Steudle et al. (1977) for large bladder cells of the
halophyte Mesembryanthemum crystallinum and giant algal cells (Valonia,
Nitellopsis). Cheung et al. (1976) stress that because of the strong
dependence of e on ipany comparison of e values between plants should
be made at comparable pressure potentials, and they suggest e at
maximum ip . On this basis the bulk modulus of conditioned Caribbean P
pine stock (67 MPa) was 2.7 times that of non-conditioned plants (25 MPa). 
This closely approximates the differences determined in Paper 5 from an 
examination of the slopes of the ip^ vs. RWC curves.
The finding that e of conditioned plants is higher than that of 
controls concurs with the general consensus that drought resistant plants 
have higher bulk moduli, i.e. they are more inelastic (Blum, 1974; Jones 
and Turner, 1978). More importantly the result indicates that turgor 
maintenance at low water potentials in conditioned pine seedlings is a 
consequence of osmotic adjustment since a lower tissue elasticity would 
operate against such a trend. Turner (1974a,b) has shown that some 
plants, e.g. maize, possess an enhanced capacity to maintain positive 
turgor through an inherently high'cell elasticity; hence it is important 
to adequately demonstrate what mechanisms of turgor maintenance are 
operative in each circumstance. It ought to be noted that the effect on 
turgor maintenance of a doubling in £max in conditioned pine seedlings
1 U H
would be counteracted by an increase in osmotic potential of only c.10% 
(cf. Figure 4 of Turner, 1978).
One notable feature of the pressure-volume model is that negative 
turgors are not obtained. In the turgid state the pressure potential 
is a positive hydrostatic force pushing out against the cell membranes.
decreases as water potential drops and at the physiological point of 
wilting ip reaches zero and the tissue becomes flaccid. According to 
Eqns. 1 and 2 when the volume averaged turgor pressure reaches zero it 
remains at zero and ip ,  ^ is thereafter equated with \p . Nevertheless,
negative turgors are commonly reported in the literature following 
psychrometric, vapour- and liquid-exchange measurement techniques 
(Paper 5, Slatyer, 1960; Warren Wilson, 1967b; Tunstall and Connor,
1975; Turner, 1978). The validity of negative turgor is currently a 
contentious issue (see Slatyer, 1967; Brown, 1972; Turner, 1974b;
Acock, 1975; Tyree, 1976a). One aspect of the debate is relevant to 
the discussion here; and that is the influence of apoplastic water on the 
dilution of osmotic water in psychrometric determinations of .
The apoplastic water contents '(K ) measured in this study ranged 
from 0o65 to 0.35 (Table 1) with conditioned plants always having the 
lowest K o These K^_ values are higher than those reported for broad- 
leafed shoots (0.30-0.02 ex Roberts and Knoerr, 1977; 0.42-0.04 ex 
Cheung et al., 1975), but concur with the trend established for conifers 
(Hellkvist et al., 1974; Tyree, 1977 pers.comm.). According to Tyree 
(1976a) this difference between species is due to a greater cell wall 
volume in conifers and the poor drainage features of tracheids relative 
to vessels. Nevertheless the point can be made that the normalisation 
procedure based on the assumption implicit in P-V curve analysis, that
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plant material is initially at full turgor (R=l, P=0), may be inapprop­
riate especially with conifers. Leaf relative water contents and 
xylem pressure potentials for turgid pine seedlings normally range 
between 0.8 and 0.9, and -0.25 and -0.50 MPa respectively (Paper 5;
Bacon 1969; Ritchie and Hinckley, 1975). Such departures from the 
defined origin would affect the estimation of K .
As a check, the separate measurements of needle water potential 
and relative water content made previously for compiling moisture char­
acteristic curves (Figure 4 of Paper 5) were replotted as 1 /ip vs. R 
(i.e. a P-V curve plot after Tyree, 1976a) (Figure 7). The apoplastic 
water contents, shown as the abscissa intercept of the straight lines, 
are markedly reduced. The 'normalisation* procedure would account for 
part of the observed discrepancy in K values as would the fact that 
measurements made on entire shoots and detached needles are being compared. 
Cheung et al. (1975) have observed that K values derived from shoots 
are higher than those derived from detached leaves; a result attributed 
by them to a relatively greater volume of apoplastic water in the woody 
tissue in the shoots. There is also the possibility that some osmotic 
water may be lost to the stem pith tissue. Despite these differences in 
K^, other bulk parameters (ip^ q, 3,e) maintain their relativity
between stock types and the basic relationships established earlier hold 
true.
The dilution factor (DF) in the ij measurement on frozen-thawed 
foliage tissue is given as (after Tyree, 1976a),
DF = 1-K /R
where R is the relative water content of the tissue at sampling. At a 
\ p of -2.00 MPa the DF values for conditioned and non-conditioned stock 
are 0.77 and 0.75 respectively, i.e. \p is underestimated by c.25% in both
stock types.
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LEAF RELATIVE WATER CONTENT
FIGURE 7. A pressure-volume type plot of the inverse leaf water potential
versus leaf relative water content for (□) well watered and (■) 
droughted glasshouse-grown P. caribaea seedlings. The intercepts 
on the abscissa are estimates of apoplastic water contents.
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PAPER 7
WATER RELATIONS OP' OROIJOIIT-CONI)I'llONED P1NUS CARIDAEA 
MOR. VAR. HONDURENSIS B. £ G. SEEDLINGS. III. STOMATAL 
RESPONSES AND MODIFICATION OF GAS EXCHANGE PATTERNS
ABSTRACT
The effect of water stress pre-treatments and subsequent drought 
on the stomatal behaviour (measured as changes in leaf resistance (R^) 
with a ventilated diffusion porometer) and the transpiration and photo­
synthetic patterns of glasshouse-grown Caribbean pine seedlings was 
investigated in a growth chamber.
R^ was considerably higher in conditioned plants (c.23 s cm 
than in non-conditioned plants (c.3 s cm )^ at high leaf water potentials 
(ip > -1.10 MPa). This is most likely a consequence of partial stomatal 
closure and a smaller stomatal pore area in conditioned seedlings. The 
relationship between R^ and was of the threshold-response type. The 
critical ip^ at which stomata completely closed (c. -1.10 MPa) was the 
same for both conditioned and non-conditioned stock. Leaf pressure 
potential (^) appeared a better basis for comparison of stomatal behav­
iour . Threshold ip^ values, for complete stomatal closure^ were in the range
0.76 to 0.95 MPa for pre-stressed plants and 0.28 MPa for previously well 
watered plants, i.e. conditioned plants maintained higher tissue relative 
water contents because their stomata were more sensitive to an approach­
ing water stress.
Transpiration rates (measured gravimetrically on intact shoots and
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detached needle fascicles) were initially lower in conditioned stock, 
presumably because of their higher leaf resistances. A low trans­
piration rate combined with a small leaf mass per plant enabled 
conditioned pines to conserve water reserves in the rooting medium 
and hence maintain relatively high leaf water potentials. Non- 
conditioned pines, in contrast, rapidly depleted available moisture 
reserves and a plant water deficit soon arose. These findings highlight 
the importance of stomatal aperture in influencing the water balance of 
plants and demonstrate the enhanced drought avoidance capabilities of 
pine seedlings subjected to drought conditioning regimes.
The mean maximum rate of net photosynthesis (P^: differential CO^ 
measurement by an infra-red gas analyser) of non-conditioned plants was 
twice that of conditioned plants. The decline in during the cabinet 
drought was more rapid in the non-stressed plants. Non-stomatal 
inhibition of photosynthesis occurred during the early recovery phase 
in conditioned plants (non-conditioned plants failed to recover from the 
imposed drought).
Calculations based on the maximum transpiration and photosynthetic 
rates recorded in intact plants indicate that conditioned seedlings are 
more efficient users of water than non-conditioned seedlings.
INTRODUCTION
In the two previous papers (Papers 5 and 6) conditioned Caribbean 
pine seedlings, i.e. those subjected to a number of water stress cycles, 
were shown to be more drought tolerant than non-conditioned plants while 
enduring low tissue water potentials. Two mechanisms of plant adaptation 
to water deficits were involved, namely, maintenance of positive turgor
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at low water potentials and protoplasmic tolerance to desiccation.
Another well known form of drought resistance is the ability of a plant 
to maintain a high plant water status over periods of drought, usually 
referred to as drought avoidance (Levitt, 1972; Turner, 1978). Drought 
avoidance depends primarily upon efficient regulation of water loss 
from the plant; this is controlled mainly by stomatal and cuticular 
resistances in the foliage.
A number of workers have observed that conifer seedlings exposed 
to a series of pre-conditioning drought cycles later displayed reduced 
transpiration rates under well watered conditions compared to unstressed 
plants (Oppenheimer, 1967; Kaufmann, 1968b; Muttiah, 1970; Unterscheutz 
et al. , 1974). Christersson (1972) obtained a similar response to cold 
hardening treatments. Rook (1973) examined transpiration rates of 
drought-conditioned and well-watered (control) glasshouse-raised radiata 
pine seedlings through a fourteen day post-transplant drying phase. He 
recorded lower transpiration rates in conditioned stock only during the 
first three days of the imposed drought, thereafter the ranking between 
treatments was reversed. Rook (1973) also determined from studies made 
on detached fascicles that stomata closed at a higher leaf relative 
water content (RWC) in conditioned stock than in controls; hence his 
collective data show that stomata of well watered seedlings were init­
ially insensitive to an increasing plant water deficit. In contrast, 
Williams (1975) detected no change in the transpiration/RWC relationship 
between potted and root wrenched field-grown Caribbean pine seedlings. 
All stock types closed stomata at c.80% RWC.
Recent investigations into the effects of previous water stress 
history on the behaviour of stomata in various crop plants grown under
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both field and glasshouse conditions (McCree, 1974; Turner, 1974a;
Brown et al., 1976; Simmelsgaard, 1976; Thomas et al., 1976; Cutler 
and Rains, 1977) has amply demonstrated yet another stomatal response, 
namely that stomata of pre-stressed plants remain open at lower leaf 
water potentials than occurs with well watered controls. This shift 
in the threshold water potential at which stomatal closure is effected, 
is explained in terms of turgor maintenance by adjustment in osmotic 
potential (osmoregulation) (Turner, 1974a; Begg and Turner, 1976; Turner, 
1978). Osmotic adjustment also occurs in Caribbean pine seedlings sub­
jected to water stress conditioning (Papers 5 and 6).
This paper describes experiments which aimed to characterise the 
stomatal response of both conditioned and non-conditioned glasshouse- 
grown Caribbean pine seedlings to an imposed water stress. Complement­
ary analyses of gas exchange patterns (water vapour and carbon dioxide) 
were also made.
MATERIALS AND METHODS
Plant Material
Caribbean pine seedlings were raised individually in PVC tubes
3(9 cm diam., 1336 cm capacity) in a naturally lit glasshouse of the 
Canberra phytotron. Growing conditions were detailed in Paper 4.
Stock conditioning treatments imposed in the glasshouse included, (A) 
watered daily and roots left undisturbed, (B) watered daily and roots cut 
each week, (C) watered once a fortnight and roots left undistrubed and 
(D) watered once a fortnight and roots cut each week. At the completion 
of the sixth fortnightly drought cycle (all plants re-watered) stock
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was t r a n s f e r r e d  from th e  g la ss h o u s e  t o  an LBII growth c a b i n e t  (30°/25°C,  
2 . 5 5 /1 .5 8  kPa VPD, 12 h day o f  720 pE in ^  p h o t o s y n t h e t i c  quantum 
f l u x  d e n s i t y )  f o r  the  f i n a l  d ry ing  phase .  Morphological  d e s c r i p t i o n s  
o f  a l l  s to c k  types  were p rov ided  in Paper 4.
Leaf R e s i s t a n c e
A d i r e c t  measure o f  l e a f  r e s i s t a n c e  (R^) was made us ing  a v e n t i l ­
a t ed  d i f f u s i o n  porometer  (Turner  e t  a l . ,  1969; Turner  and P a r l a n c e ,
1970).  This  porometer  measures the  r a t e  o f  d i f f u s i o n  o f  w a te r  vapour 
from th e  i n t e r i o r  o f  a l e a f  i n t o  a d ry  chamber and i s  s u i t a b l e  f o r  use 
with  p ine  n e e d le s  (Waggoner and T u rn e r ,  1971). Shor t  term v a r i a t i o n  in 
R^  o f  c o n i f e r s  r e s u l t s  from r a p i d  changes in  s to m a ta l  r e s i s t a n c e  (Running,  
1976) . Between 10 and 14 de tached  n e e d le s  from the  70-90 p e r c e n t i l e  p l a n t -  
h e i g h t  range  were immediately  i n s e r t e d  ( t i p  end f i r s t )  3 .8  cm i n t o  th e  
a c r y l i c  chamber,  s e a l e d  in  with  p l a s t i c i n e ,  and th e  t ime taken  f o r  a 
f ix e d  change in  hum id i ty  ( t<60s)  r e c o rd e d .  Porometer  s t o r a g e  and dehy­
d r a t i o n  p ro ced u res  fo l lowed  t h a t  advoca ted  by Morrow and S l a t y e r  (1971).  
Enclosed  l e a f  a rea s  (A) were c a l c u l a t e d  a f t e r  Wood (1971) as
A = n W JL 4.094  x 104 
(cm2)
where n i s  th e  number o f  n e e d le s  i n s e r t e d  in  the  chamber,  W i s  the  mean 
need le  width (ym) p rede te rm ined  f o r  each t r e a tm e n t  and i i s  t h e  l e n g th  
(3 .8  cm) o f  need le  e n c lo se d .  The a r e a  was c o r r e c t e d  (A-*) f o r  the  10% 
d e c re ase  due to  th e  t a p e r  o f  the  n e e d l e s .  The porometer  r e s i s t a n c e  (R ) ,  
was o b ta in ed  from dead n e e d le s  d ipped in w a te r  c o n t a in in g  a l i t t l e  
w e t t in g  agen t  (Tween 20) (Waggoner and T u rne r ,  1971). Leaf r e s i s t a n c e  
was c a l c u l a t e d  a f t e r  Turner  and P a r l a n c e  (1970) and Burrows and
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M il tho rpe  (1976) a s ,
A" t/ln
(s cm“ 1)
«£ - V r 
w£ - Vt;
(V - V ) s c RP
where and Q a re  t h e  a b s o lu t e  h u m i d i t i e s  o f  th e  e v a p o r a t in g  l e a f
s u r f a c e  ( taken  as 1.0)  and s e n s o r  r e s p e c t i v e l y  a t  th e  b eg in n in g ,  t ^ ,
and end, t r , o f  th e  t r a n s i t  t im e ,  V i s  th e  e f f e c t i v e  volume o f  the  f s
s e n s o r  and i s  th e  chamber volume. Sensor  s p e c i f i c a t i o n s  were p rov ided  
by Turner  (1970) .  Two d e t e r m i n a t i o n s  were made on each s e e d l i n g  
sampled.  For ve ry  h igh  r e s i s t a n c e s  ( s tom a ta  are  c losed )  an a r b i t r a r y  
u p p e r - l i m i t  R^ va lue  o f  120 s cm  ^ was a p p l i e d .  The porometer  was c a l i ­
b r a t e d  to  v a lu es  o f  50 s cm  ^ w i th  p e r f o r a t e d  p l a t e s .
Leaf Water S t a t u s
R e l a t i v e  Water Content  (RWC): Measured on d e tached  f a s c i c l e s  a c c o rd ­
ing to  the  p rocedure  o f  Clausen and Kozlowski (1965) and c a l c u l a t e d  a s ,
RWC = Fresh Wt, - Oven Dry Wt. x 100 
Turgid  Wt. - Oven Dry Wt.
Water P o t e n t i a l  (ip ) : Measured as xylem sap p r e s s u r e  p o t e n t i a l  on 
f r e s h l y  cut  shoo ts  or  f a s c i c l e s  in  a S c h o la n d e r - ty p e  p r e s s u r e  chamber 
fo l lo w in g  the  p rocedure  l a i d  down by R i t c h i e  and Hinck ley  (1975).
P re s s u re  P o t e n t i a l  ( i|j ) : C a l c u l a t e d  from th e  S l a t y e r  (1967) equa t ion  
as t h e  d i f f e r e n c e  between ip^  and th e  osmot ic  p o t e n t i a l  measured on f ro z e n -  
thawed f o l i a g e  t i s s u e  in  a Wescor Dew P o in t  M ic rovo l tm e te r .
T r a n s p i r a t i o n
I n t a c t  Shoots :  Three p o t t e d  s e e d l i n g s  from each t r e a tm e n t  were r a n ­
domly s e l e c t e d  a t  th e  end o f  the  g la s s h o u s e  c o n d i t i o n i n g  phase ,  w a te red ,
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allowed to drain for one hour and then enclosed in a double layer of 
plastic sheeting (allowing the shoots to protrude out) before relocation 
in the growth cabinet along with the remainder of the unbagged stock. 
Bagged plants were weighed twice daily to within 0.1 g over a 20 day 
desiccation period. Transpiration rates were calculated from daily 
weight (water) losses expressed on a final leaf oven dry weight basis.
Detached Fascicles: The rapid weighing technique of Hygen (1951) 
was used in estimating the transpiration rates of detached needle fas­
cicles. Two plants from each treatment were randomly selected during 
the final glasshouse drying cycle and the shoots decapitated at the root 
collar. Each shoot was rehydrated overnight with the cut end standing 
in a beaker of water while enclosed in a plastic bag. Two fascicles 
from each shoot, thus providing four replications per treatment, were
laid out on a wire mesh support in an LBH cabinet (28°C, 2.40 kPa vapour
-2 -1pressure deficit, 750 yE m s photosynthetic quantum flux density) 
and weighed to within 0.1 mg at 12 minute intervals over a five-hour 
dehydration period. Transpiration rates were calculated on a needle oven 
dry weight basis.
Photosynthesis
Net CO^ exchange in the light was measured on one seedling from 
each treatment at frequent intervals during the cabinet drought and 
recovery cycle. An infra-red gas analyser (IRGA, Grubb Parsons Model 
SB2) set up for differential CO^ measurement in an open system (Jarvis 
and ^atsky, 1971) was used. Trace outputs were provided on a Heath
Servo Recorder. Air streams were dried through columns of CaC^ and 
flow rates monitored with Gapmeter flowmeters. The clear perspex
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a s s i m i l a t i o n  chamber (30 cm x 28 cm x 50.5 cm) was lo c a t e d  i n s i d e  an LB 
growth c a b i n e t  and accommodated the  upper  35 cm s e c t i o n  o f  p ine  s h o o t s .
A fan i n s i d e  the  chamber reduced t e m p era tu re  and gas c o n c e n t r a t i o n  
g r a d i e n t s  and boundary l a y e r  r e s i s t a n c e .  Chamber t e m p e ra tu r e s  were 
h e ld  a t  25°C (±0.5°)  and moni to red  by thermocouple s  connec ted to  a
Honeywell r e c o r d e r .  F lu o re s c e n t  l i g h t i n g  w i th i n  the  LB c a b i n e t  p rov ided
-2  -1a p h o t o s y n t h e t i c  quantum f l u x  d e n s i t y  o f  745 pE m s a t  m id -he igh t  
w i th i n  t h e  chamber. S eed l in g s  were t r a n s f e r r e d  from th e  LBH to  the  LB 
c a b i n e t  one hour  be fo re  i n s e r t i o n  in the  a s s i m i l a t i o n  chamber. Measure­
ments were taken  once the  t r a c e  ou tpu t  had s t a b i l i s e d .  The r a t e  o f  ne t
p h o to s y n t h e s i s  (P^) was c a l c u l a t e d  a s ,  
p
N = d x f  x 44.011 x 60 x IQ3
(mg CO^  g l e a f  ODW hr  ) —nTir"Tr-jrT0"'5—~x~~Tz7262
where d i s  th e  d i f f e r e n c e  in CO^  c o n c e n t r a t i o n  (ppm) o f  th e  a i r  s treams 
b e fo re  and a f t e r  passage  th rough  the  a s s i m i l a t i o n  chamber, measured on 
the  IRGA, f  i s  th e  a i r  flow r a t e  (1 h r  ^) th rough  the  a s s i m i l a t i o n  
chamber,  m i s  th e  oven dry  weight  o f  f o l i a g e  (g) and T i s  the  a b s o lu t e  
t e m p era tu re  (°K) o f  th e  a i r s t r e a m .
RESULTS
Leaf r e s i s t a n c e  (R ) as measured by th e  porometer  i s  p l o t t e d  as a 
f u n c t i o n  o f  l e a f  w a te r  p o t e n t i a l  (ip ) in  F igure  1A. Two im por tan t  p o i n t s  
can be made. F i r s t l y ,  c o n d i t io n e d  p l a n t s  (Trea tments  C and D) had mark­
edly  h ig h e r  R? v a l u e s  (16 t o  32 s cm ^) th an  n o n -c o n d i t i o n e d  s e e d l i n g s  
(2 to  7 s cm ^) a t  h igh  ip v a lu e s  (> -1 .00  MPa). Secondly ,  the  r e l a t i o n ­
s h ip s  f o r  both  s to c k  types  c l e a r l y  show an i d e n t i c a l  t h r e s h o l d  \p^  va lue  
(c .  - 1 .1 0  MPa) a t  which R^  in c r e a s e d  d r a m a t i c a l l y .  The R^  d a t a  have
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been r e p l o t t e d  a g a i n s t  p r e s s u r e  p o t e n t i a l  (ip ) , e s t i m a t e d  from the  e a r l i e r  
d e r iv e d  r e g r e s s i o n s  o f  \p^  on \p (Table 2 o f  Paper 5) , in  F igure  IB.
Three d i s t i n c t  t h r e s h o l d  re sponse  cu rves  d e s c r i b e  the  r e l a t i o n s h i p .
Complete s to m a ta l  c lo s u r e  was i n i t i a t e d  in  the  d roughted  p lu s  roo t  
wrenched s tock  (D) when dropped to  c.  0.97 MPa in th e  droughted  p l a n t s  
(C) a t  c .  0.76 MPa and in  the  w ell  wate red  c o n t r o l s  (A and B) a t  c. 0.27 
MPa.
The t ime course  o f  t r a n s p i r a t i o n a l  l o s s e s  from i n t a c t  shoo ts  du r ing  
the  20 day d e s i c c a t i o n  p e r io d  in  the  growth c a b i n e t  i s  shown in F igure  2. 
Stock from th e  two p r e v i o u s l y  w e l l -w a t e r e d  t r e a t m e n t s  t r a n s p i r e d  up to  
t h r e e  t imes  f a s t e r  th an  d rought c o n d i t io n e d  p l a n t s  over  the  f i r s t  fo u r  
days .  T h e r e a f t e r ,  the  rank ing  was r e v e r s e d  with  t r a n s p i r a t i o n  from 
droughted  p l a n t s  be ing  about  double t h a t  o f  wate red  c o n t r o l s .  T r a n s p i r a t ­
ion r a t e s  in  n o n - s t r e s s e d  p l a n t s  ro s e  q u i c k ly  t o  a peak a t  day 3 and 
a f t e r  a sharp  f a l l  m a in ta in e d  a n e a r  c o n s t a n t  v a l u e  over  t h e  f i n a l  11 
days a t  c. 6% o f  the  maximum r a t e  r e co rd ed .  In c o n t r a s t ,  drought
c o n d i t io n e d  p l a n t s  d i s p l a y e d  a more g radua l  i n c r e a s e  in t r a n s p i r a t i o n ,  
r e a c h in g  a maximum r a t e  a t  days 4 and 5, fo l lowed  by a slow uniform r a t e  
o f  d e c r e a se  such t h a t  by day 20 the  t r a n s p i r a t i o n  r a t e s  were s t i l l  36% 
o f  the  peak v a l u e .  At v a r io u s  t imes  du r ing  the  c a b i n e t  drought  th e  \p 
o f  t h e s e  bagged p l a n t s  was measured on cut  f a s c i c l e s .  T r a n s p i r a t i o n  as a 
f u n c t i o n  o f  ip i s  shown in  F igure  3. The t r a n s p i r a t i o n  r a t e s  o f  non- 
c o n d i t io n e d  p l a n t s  were s i g n i f i c a n t l y  h i g h e r  than  those  o f  p r e - s t r e s s e d  
s e e d l i n g s  over  th e  complete range  o f  i p sampled.  The d i f f e r e n c e s  were 
most marked a t  h igh  ip^  v a lu e s  (> -1 .1 0  MPa). I t  i s  im por tan t  to  no te  
a l s o  t h a t  a t  the  complet ion o f  the  exper iment th e  ip^  o f  drought  c o n d i t ­
ioned p l a n t s  averaged -1 .3 0  MPa while ip in  th e  w ell  wate red  s tock  had
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fallen to -2.05 MPa.
Rates of water loss from excised needle fascicles of seedlings 
raised under the four pre-conditioning treatments can be gauged from 
the time course of leaf relative water content (RWC) decrease shown in 
Figure 4. All fascicles recorded an early rapid fall in RWC (the 
stomatal phase) followed by an extended period of reduced water loss 
(the cuticular phase). RWC was lowered during both phases to a greater 
extent in fascicles from non-conditioned stock. The data were reworked 
to provide a plot of transpiration rate as a function of RWC (Figure 5). 
Clearly the decline in transpiration rate occurred at a much higher RWC 
in conditioned plants. For example, droughted and root disturbed stock 
(D) were down to minimum transpiration rates when RWC reached 84%, 
droughted plants (C) at 77% and non-conditioned plants (A and B) at 66%.
The effect of a developing water stress on photosynthetic rates 
(P^ .) of the differently pre-treated stock is compared in Figure 6. The 
two non-conditioned plants showed similar P^-decline curves. A 50% 
reduction had occurred by day 3 and P^ approached zero at day 9. Neither 
plant responded to rewatering on day 15. Both conditioned seedlings 
responded rapidly to the initial (day 0) watering, reaching maximum P^ 
values one or two days later. P^ subsequently fell to zero over the 
following 12 days. On any given day the percentage reduction in P^ was 
smaller in the conditioned seedlings. These plants resumed active phot- 
synthesis immediately following rewatering on day 19 and by day 22 had 
recovered to 43% of the peak value. The mean maximum photosynthetic 
rates recorded were 18.2 and 9.3 mg CO^ g leaf ODW ^hr * for non- 
conditioned and conditioned plants respectively.
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FIGURE 4. Leaf relative water content decline curves for detached needle
fascicles from glasshouse-grown P. caribaea seedlings raised under 
the following treatment regimes; A(O): watered daily and roots 
left undisturbed, B(A ) : watered daily and roots cut weekly, C(C): 
watered once a fortnight and roots left undisturbed, D(A): watered 
once a fortnight and roots cut weekly. Each point is the mean of 
four replicates. Vertical bars are LSDsQ  ^ .
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LEAF RELATIVE WATER CONTENT (%)
FIGURE 5. Transpiration as a function of leaf relative water content 
determined on detached needle fascicles from glasshouse- 
grown P. caribaea seedlings raised under the following 
treatment regimes; A( ): watered daily and roots undis­
turbed, B ( A )  iwatered daily and roots cut weekly; C(#) : 
watered once a fortnight and roots left undisturbed;
D(A): watered once a fortnight and roots cut weekly.
Each point is the mean of four replicates.
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DISCUSSION
The porometer measurements (Figure 1A) showed that leaf resist­
ance to water vapour diffusion at high leaf water potentials is markedly 
higher (a factor of 5 to 10) in drought conditioned than in non- 
conditioned Caribbean pine seedlings. In other words, even when con­
ditioned plants are experiencing little or no water stress they have a 
high R . One explanation for this phenomenon is that stomata of pre­
stressed plants remain partially closed all of the time. However, it 
should also be noted that in a related experiment where pines were sub­
jected to five three-week drying cycles, the stomatal pore area per unit
2 -2leaf area was significantly reduced from 10.52 to 3.94 mm cm by stress 
pre-treatment (Table 1). Similar drought-induced reductions in stomatal 
numbers and pore size in conifers have been reported by Thames (1963) 
and van Buijtenen et al. (1976). Any reduction in pore area could 
result in an increase in (cf. equations developed by Jarvis et al.
(1967) and Hsiao (1975) for the determination of stomatal diffusive 
resistance from stomatal dimensions). Hence the high R^ values of con­
ditioned stock is probably due to a combination of partial stomatal closure 
and a reduced pore area per se.
TABLE 1. Stomatal numbers and mean pore size determined on the foliage 
of seven-month-old P. caribaea seedlings raised in the glass­
house under two stock conditioning regimes. (Means ± standard 
errors of 30 measurements made on separate secondary needles 
using a Gaertner dual linear traversing microscope)
Stock
Treatment
No. Stomata
(mm-2)
Single Pore Area 
(ym2)
Watered 196±6 537±30
Droughted 135±3 291±13
(Five 21-day drought cycles)
i Ö4
These d a t a  ob ta in ed  on s e e d l i n g s  c o n d i t io n e d  in the  g la sshouse  
conf irm the  o b s e r v a t i o n s  made a t  th e  f i e l d - n u r s e r y  s i t e  (Paper  1) 
where th e  more s e v e r e l y  d i s t u r b e d  ( ro o t  wrenched) p l a n t s  had the  
h i g h e s t  v a l u e s .  P r i o r  exposure  t o  p l a n t  w a te r  d e f i c i t s  may a l s o  
e x p l a i n ,  in p a r t ,  why o n e - y e a r - o l d  red  p ine  n e e d le s  taken  from p l a n t ­
a t ion -g rown  t r e e s  m a in ta ined  a c o n s t a n t  20 s cm  ^ l e a f  r e s i s t a n c e  over  a 
- 0 .4  to  - 1 .6  MPa range  in  ip while  newly emerged f o l i a g e  d i s p l a y e d  a 
l i n e a r  i n c r e a s e  from 7 to  15 s cm  ^ over  th e  same w ate r  p o t e n t i a l  range 
(Waggoner and T u rne r ,  1971).
The minimum value  (1 .6  s cm ^) measured in  th e  p r e s e n t  s tudy  
on w e l l -w a te r e d  p l a n t s  i s  i d e n t i c a l  to  t h a t  r eco rded  by Stupendick  (1977) 
on s i m i l a r l y  r a i s e d  r a d i a t a  p ine  s e e d l i n g s .  Ludlow and J a r v i s  (1971) 
and Running (1976) measured minimum R^  va lu e s  w i th i n  the  range 1.6 t o  3.1 
s cm- '*' on g l a s s h o u s e -a n d  fo r e s t -g ro w n  S i t k a  spruce  and ponderosa  p i n e .  
Commonly, however,  r e s e a r c h e r s  r e p o r t  minimum v a lu e s  o f  15 to  30 s 
cm  ^ f o r  p ine s  (Gates ,  1966; Kaufmann, 1968b, 1973; Cl ine  and Campbell,  
1976) and a t t r i b u t e  th e s e  h igh  minimum r e s i s t a n c e s  ( r e l a t i v e  to  b road-  
l e a f e d  v a lu es )  to  sunken s tomata  and wax p lugs  in the  s to m a ta l  pore 
( J e f f r e e  e t  a l . ,  1971; Turne r ,  1974a).  I t  i s  i n t e r e s t i n g  to  no te  here  
t h a t  n o n - s t r e s s e d  Caribbean p ine  s e e d l i n g s  were found,  in a companion 
s tu d y ,  to  co n ta in  d en s e ly  in te rm eshed  wax f i b r i l s  in t h e i r  s tom a ta l  pores  
( P l a t e  1) bu t  the y  s t i l l  r eco rded  R^ v a lu e s  l e s s  th an  2 s cm ^ .
The r e l a t i o n s h i p  e x h i b i t e d  the  c h a r a c t e r i s t i c  t h r e s h o l d -
response  form no ted  f o r  many s p e c i e s  (Kanemasu and Tanner,  1969; Lange, 
1975; Morgan, 1977) in c lu d in g  c o n i f e r s  ( R i t c h i e  and Hinck ley ,  1975; 
Kaufmann, 1976b; C line  and Campbell ,  1976).  More im p o r t a n t l y ,  t h e r e  was 
no d isp lacem en t  induced by c o n d i t i o n i n g - t r e a t m e n t s  in  the  c r i t i c a l  ip a t
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PLATE 1. Scanning electron photomicrographs of the surface of a 
needle taken from a well-watered P. caribaea seedling. 
Note the occlusion of the stomatal pores with intermeshed 
wax fibrils. (The needle was freeze-dried and gold-plated 
prior to examination in a Cambridge S180 electron micro­
scope operating at 30kV).
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which stomatal closure occurred, despite the fact that osmotic adjust­
ment did occur in these plants (Paper 5). The usual consequence of 
osmoregulation in crop plants is a shift towards lower threshold water 
potentials (Begg and Turner, 1976; Turner and Begg, 1977).
No directly comparable data were available for conifers, but 
since Rook (1973) had provided plots of \ p a n d  infiltration pressure 
(IP) (a measure of stomatal aperture - see Lopushinsky (1969) and 
Zobel (1974)) as a function of time during a dehydration phase for 
previously watered and droughted radiata pine seedlings, his data were 
replotted as IP vs. \p^ to check for any change in critical ip^ values. 
There is no indication from the resultant scatter plot (Figure 7) that 
Rook's conditioned seedlings have a lower threshold \j value for complete 
stomatal closure than his watered controls. Although the data Cjrc* 
limited there is some indication that stomata of droughted radiata pine 
plants, like those of comparable Caribbean pine stock, could remain 
partially closed at high ip (> -1.1 MPa). Kaufmann and Levy (1976) 
also observed no change in the relationship between leaf conductance 
(1/R^) and xylem pressure potential in citrus seedlings subjected to 
three severe drying cycles and there appears to be no evidence yet pub­
lished to indicate that tree species show the same downward shift in the 
critical ip^ for stomatal closure that has been unequivocally demonstrated 
for some crop plants in response to drought conditioning.
Stomatal closure in the Caribbean pine seedlings occurred at about 
-1.10 MPa, the same threshold water potential reported for a number of 
other conifers (Kaufmann, 1968b; Rook et al., 1976; Blake and Ferrell, 
1977) .
relationships (Figure IB) should provide a better basis for
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LEAF WATER POTE N T I A L  (-MPa)
FIGURE 7. Infiltration pressure as a function of leaf water potential in
glasshouse-grown P. radiata seedlings. Data replotted from Rook 
(1973). Conditioning treatments included, (O): watered daily, 
(#): watered weekly, (■): watered fortnightly.
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comparing s to m a ta l  b e hav iou r  s i n c e ,  as Turner  (1974a) ,  Raschke (1975) 
and Burrows and M il tho rpe  (1976) a l l  p o i n t  o u t ,  s to m a ta l  r e s p o n s es  to  
w ate r  d e f i c i t s  w i l l  be e x e r t e d  through the  t u r g o r  p r e s s u r e  o f  the  guard 
c e l l s .  U n f o r tu n a t e ly  t h e r e  i s  no g u a ran tee  t h a t  bu lk  l e a f  t u r g o r  as 
a s s e s se d  by i p g i v e s  a t r u e  i n d i c a t i o n  o f  the  t u r g o r  b a lan ce  between 
guard and s u b s i d i a r y  c e l l s  (Turner ,  1974a).  D esp i te  t h i s  l i m i t a t i o n  the  
d a t a  p r e s e n t e d  s t r o n g l y  i n d i c a t e  t h a t  c o n d i t io n e d  p l a n t s  c l o s e  t h e i r  
s tomata  a t  a much h ig h e r  l e a f  p r e s s u r e  p o t e n t i a l  (0.95 and 0.76  MPa 
depending on th e  i n t e n s i t y  o f  p r e - t r e a t m e n t )  than  w e l l -w a te r e d  c o n t r o l s  
(0.28  MPa). Th is  a b i l i t y  t o  d e t e c t  th e  o n s e t  o f  a deve lop ing  w a te r  
s t r e s s  a t  an e a r l y  s t a g e  would appear  a most d e s i r a b l e  s u r v i v a l - a d a p t a t i o n  
f o r  p r e - s t r e s s e d  s tock  to  p o s s e s s ,  s i n c e  i t  e n su re s  t h a t  l i t t l e  w ate r  i s  
l o s t  from th e  p l a n t  b e f o r e  th e  pr im ary  e x i t s  ( the  stomata)  c l o s e .  This  
s t r a t e g y  m a in t a i n s  h igh  t i s s u e  r e l a t i v e  w a te r  c o n t e n t s  ( c f . F igure  4 ) .
The c r i t i c a l  ip^  f o r  s to m a ta l  c l o s u r e  in n o n - s t r e s s e d  p l a n t s  f a l l s  
w i th in  th e  0 .0  t o  0 .3  MPa range observed  f o r  most crop p l a n t s  (Turner ,  
1974a) . Recen t ly  M i l l a r  and Denmead (1976) observed  s to m a ta l  c l o s u r e  
in  f i e ld -g ro w n  wheat p l a n t s  a t  a iJj o f  0 .80 MPa. This  va lue  approaches  
t h a t  r eco rd ed  h e re  f o r  c o n d i t io n e d  p ine  s e e d l i n g s .
Major changes in  w a te r  usage p a t t e r n s  accompanied s to ck  c o n d i t i o n ­
ing .  For example,  t r a n s p i r a t i o n  r a t e s  o f  c o n d i t io n e d  p l a n t s  in  s e a le d  
p o ts  were s i g n i f i c a n t l y  lower than  w e l l -w a te r e d  s e e d l i n g s  a t  any given 
l e a f  w ate r  p o t e n t i a l  (F igure  3 ) .  This  i s  u n d e r s t a n d a b le  in  view o f  the  
h ig h e r  l e a f  r e s i s t a n c e  observed  ( a t  l e a s t  when \p^> -1 .1 0  MPa) in  p r e ­
s t r e s s e d  p l a n t s  (F igure  1A). A pparen t ly  a l l  s tomata  d id  no t  c l o s e  a t  
the  t h r e s h o l d  i p ( -1 .1 0  MPa) s in c e  s u b s t a n t i a l  t r a n s p i r a t i o n  r a t e s  were 
moni to red  a t  s t i l l  lower l e a f  w a te r  p o t e n t i a l s  (F igure  3 ) .  There a re  a
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number of reports in the literature in which plants exposed to varying 
periods of water stress subsequently showed reduced rates of transpir­
ation under optimal conditions (Whitehead, 1963; Owston, 1973; Ladiges, 
1974).
A low unit transpiration rate (presumably due to partial stomatal
closure and a smaller stomatal pore area) combined with a small leaf
-1 -1mass per plant (resulting in a maximum water loss of 19.8 g pot day ) 
enabled conditioned seedlings to conserve water reserves in the rooting 
medium and hence maintain relatively high leaf water potentials (> -1.10 
MPa over c.14 days of drought). In contrast, the quick depletion of 
available water reserves in the rooting medium of the larger non-stressed 
plants (maximum water loss of 91.2 g pot '''day )^ gave rise to an early 
plant water deficit and the initiation of stomatal closure of -1.10 
MPa was reached c. 5 days into the drought). This explains the reversal 
in treatment-transpiration ranking after day 6 (Figure 2); after this 
time transpiration rates were higher in conditioned than non-conditioned 
stock. These same responses (as shown in Figure 2) have been recorded by 
Rook (1973) for radiata pine and by Boyer and McPherson (1975) for maize 
plants (pre-treated under two humidity conditions). These findings high­
light the importance of stomatal aperture in influencing the internal 
water balance of plants (Kozlowski et al., 1974; Federer and Gee, 1976). 
They also demonstrate the enhanced drought avoidance capabilities of 
plants subjected to conditioning treatments.
Results from transpiration studies with detached needle fascicles 
(Figures 4 and 5) corroborate the 'whole plant' findings. The data 
clearly establish the greater tissue water conservation capacity of pre­
stressed pine seedlings; both stomatal and cutlicular transpiration rates
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were higher in previously well-watered plants. Rook (1973) observed the 
same differences in the transpiration characteristics of detached 
needles of conditioned and non-conditioned radiata pine seedlings. RWC’s 
at which stomata closed were estimated after Bannister (1964) from plots 
(not shown) of the rate of RWC decrease vs. time, and the corresponding 
leaf water potentials were estimated from the leaf characteristic curves 
previously provided (Figure 1 of Paper 5). The threshold values so 
determined were -2.05, -2.10, -2.17 and -1.95 MPa for treatments A,B,C 
and D respectively, i.e. there was virtually no shift in the i|; at which 
stomata closed in these needles even though their stress pre-histories 
differed markedly. Absolute changes in averaged threshold water potent­
ials, viz. -2.07 MPa from detached needle experiments and -1.10 MPa from 
whole plant studies, could arise from the RWC normalisation procedure 
adopted with detached needles and the different time scales involved in 
tissue dehydration.
The maximum rate of photosynthesis recorded for the two non- 
conditioned plants was about twice that recorded for the two conditioned 
plants and is probably a consequence of a higher R0 in the latter seed­
lings (cf. Figure 1A), although some non-stomatal inhibition of photo­
synthesis in the previously water stressed (conditioned) plants cannot be 
ruled out (Slatyer, 1967; Doley and Trivett, 1974; and discussion below). 
The rate of P^ decrease during the cabinet drought was more rapid in the 
non-conditioned plants (Figure 6) presumably because of a quicker develop­
ment of an internal water deficit resulting in stomatal closure. All 
plants used for P^ measurements were contained in open pots, lienee 
evaporational losses of water from the rooting medium could also occur.
No leaf water potential measurements were made on these plants during the
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dehydration phase and \J; cannot be estimated from established ^-decline 
curves (e.g. Figure 4 of Paper 4) since the seedlings spent various times 
out of the desiccating cabinet environment. The maximum P^ values 
recorded lay at the top of the published Pinus range (1.5-19.0 mg CO^ g  ^
hr *; Larcher, 1969) and are similar to those reported by Abod (1977).
Of the four plants used in the measurement of P^ only the two condit­
ioned seedlings survived the cabinet drought. In these the recovery in 
P^ lagged well behind that for and R^ . On day 22, three days after re­
watering, (-0.60 MPa) and (19.2 s cm )^ had both recovered to pre­
stress levels, while PXI was less than half recovered. Hsiao (1973) statesN
that P^ recovery depends on the severity and length of the prior stress. 
Similar examples of non-stomatal inhibition of net CO^ assimilation in 
pines have been recorded by Wood and Brittain (1973) and Bunce (1977).
The most likely cause of this phenomenon is an increase in mesophyll 
resistance to CO^ transfer (a 'remainder* resistance which includes terms 
for liquid phase transport and chloroplast activity) (Keck and Boyer, 1974; 
O'Toole et al., 1977).
A transpiration ratio (TR) was calculated for conditioned (Treatments 
C and D) and non-conditioned (Treatments A and B) seedlings after Neales 
et al. (1968) as,
TR = max, transpiration rate per unit foliage wt. per unit time 
max. photosynthetic rate per unit foliage wt. per unit time
TR values were 78 and 101 respectively. Since water use efficiency (WUE)
is usually defined as the reciprocal of TR (Hillel and Rawitz, 1972) we
can conclude that conditioned plants are more efficient users of water than
non-conditioned plants. In fact, further calculations show that previously
well watered plants transpire 369 g of water for every 1 g of carbon
obtained from CO^ influx, while the corresponding water loss for condit­
ioned stock is 286 g, i.e. the latter stock is 23% more efficient in 
water use. Others have demonstrated a similar improvement in the WUE 
of plants subjected to periodic water deficits (Larcher, 1965; Levitt, 
1972; Patil and Rajat, 1976).
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FINAL DISCUSSION
AN INTERPRETATION OF THE CONDITIONING PROCESS 
AND RESPONSE IN CARIBBEAN PINE SEEDLINGS
The studies reported in the previous seven papers were initiated 
in an endeavour to gain quantitative data on the physiological effects 
of subjecting Caribbean pine seedlings to periodic water stress by 
root wrenching and/or droughting treatments. It was hoped that these 
data might serve a proper basis for an interpretation of the condition­
ing process and response. Currently, stock conditioning by water 
stressing is little understood (Lavender and Hermann, 1976) despite its 
increasing use in routine establishment practices (Bacon and Hawkins,
1977).
EXPERIMENTAL STOCK
Experimental material comprised both field- and glasshouse-grown 
stock. It is conjectured that while the glasshouse wrenching procedure 
was not as disruptive of root systems as that accompanying wire wrench­
ing in the nursery bed, the glasshouse droughts were more severe than 
those commonly encountered in the field. The aim of the glasshouse 
conditioning treatments was to accentuate differences in response between 
conditioned and non-conditioned stock rather than try and replicate field 
conditions. Furthermore, when seedlings were ’transplanted' from glass­
house regimes to cabinet environments, root systems were purposely left 
undisturbed, in contrast to the field operation of transplanting, to 
avoid confounding conditioning responses per se with the effects of
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variable root losses.
Nevertheless, where comparisons can be made of glasshouse- and 
field-raised seedlings, e.g. in terms of altered stock morphology, 
survival potential, root growth capacity, stomatal resistance and 
growth substance levels following conditioning, the stock responses 
are observed to be similar. This gives confidence that interpretations 
based in some instances wholly on laboratory studies will be applicable 
in principle to the field scene. It is stressed, however, that follow­
up studies are necessary, particularly with respect to osmotic adjust­
ment and threshold water and pressure potentials for stomatal closure, 
to define these relationships under (natural) field conditions.
THE CONDITIONING PROCESS
Stock conditioning regimes involving cyclic droughting and partial 
root removal subject plants to periodic internal water deficits (Papers 
1 and 5). Since water stress is known to affect practically every 
aspect of plant growth and development (Slatyer, 1967; Crafts, 1968; 
Kramer, 1969; Levitt, 1972; Hsiao, 1973) it seems reasonable to assume 
that moderate, transient alteration of plant water status is basically 
responsible for initiating the conditioning or adaptation process.
Just how these changes in water balance are translated into altered 
metabolic patterns is a more contentious issue. Currently there are 
two schools of thought on this aspect of plant water relations. Hsiao 
(1973) (see also Hsiao and Acevedo, 1974; Hsiao et al., 1976a,b), for 
instance, views turgor reduction and the resultant slow down in cell 
growth as the primary effect of water stress from which all known 
responses, including altered plant hormone levels, emanate. In contrast,
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Livne and Vaadia (1972) and Itai and Benzioni (1976) postulate that a 
changed hormonal balance is the primary effect with other responses, 
e.g. reduced cell growth, distinctly secondary.
The concept of hormones as mediators in the water stress condit­
ioning process is appealing. Firstly, altered hormone levels and 
balances have been causally related with variation in a wide spectrum 
of plant processes at all levels of organisation, i.e. in toto, cellular 
and sub-cellular (see reviews by Weaver, 1972; Leshem, 1973; Leopold 
and Kriedemann, 1975) . Significant changes in abscisic acid (ABA), 
cytokinin and gibberellin contents of Caribbean pine seedlings were 
associated with the conditioning process in the present work (Papers 2, 
3,4). Secondly, similar changes in hormone levels result from plant 
exposure to a diversity of stress agents, e.g. hot and cold temperature, 
salinity and mineral toxicity, which need not necessarily alter pressure 
(turgor) potential (\|j ) (Itai and Benzioni, 1976). Indeed, this common 
modification of the ’hormonal make-up’ is the explanation offered for 
the phenomenon of ’cross-adaptation' in which exposure of plants to 
one particular stress provides relative resistance to a subsequent 
stress of a different kind (Levitt, 1972; Bussiba (sic) et al., 1975; 
Rikin et al., 1976).
The actual sequence of change in water stress conditioning may, 
however, involve elements from both proposals. Turgor fluctuations, 
for example, could trigger changes in the catabolism of plant hormones 
and they in turn could serve as the basic regulators of plant metabolism. 
The ABA/ip and leaf relative water content (RWC) relationships establish­
ed in Paper 4 are not inconsistent with this hypothesis.
The conditioning process then is viewed as a composite alteration
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of metabolic pattern under strong hormonal control which facilitates 
plant adaptation to water stress.
RESPONSE TO CONDITIONING
Clearly an enhanced capacity to survive transplanting and subse­
quent water stress (Papers 1 and 5) is the most important consequence, 
at least in forest establishment terms, of stock conditioning. The 
results of the present research show that this acquired resistance to 
water stress can be attributed to a number of recognisable adaptations 
in plant morphology and physiology. These adaptive-type responses to 
conditioning provide the plant with mechanisms for both avoidance of 
and tolerance to water stress.
Avoidance Mechanisms
Reduction of Water Loss: This is achieved in at least three ways. 
Firstly, conditioned plants have a much higher minimum leaf resistance 
(R^) to water vapour diffusion than non-conditioned plants (Papers 1 
and 7). These high R^ values at relatively high leaf water potentials 
(b^ >1.10 MPa) are most probably due to a combination of partial stom- 
atal closure and a reduction in both the number and size of stomatal 
pores. Stomatal transpiration rates are consequently lower in condit­
ioned stock than in non-stressed stock above the threshold ij^  value for 
complete stomatal closure. There is evidence also from studies made 
on detached needles that cuticular transpiration rates are lower in 
conditioned plants (Paper 7) .
The state of semi-permanent, partial stomatal closure in condit­
ioned plants is attributed to high residual ABA and low cytokinin and
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gibberellin levels relative to those in non-conditioned plants (Papers 2,
3 and 4). Evidence for hormonal involvement in the regulation of 
stomatal aperture comes from various quarters. There are the well 
replicated findings that exogenous applications (at doses approximating 
endogenous concentrations) either close (e.g. ABA - Jones and Mansfield, 
1972; Davies and Kozlowski, 1975) or open, stomata (e.g. cytokinins - 
Meidner, 1967; Pallas and Box, 1970; gibberellins - Livne and Graziani, 
1965). Also the wilty tomato mutants (flacca, sitiens and notabilis) 
whose stomata resist closure contain significantly less endogenous ABA 
and more cytokinins than the normal cultivar (Tal and Imber, 1970; Tal 
and Nevo, 1973). Additionally, ABA is known to inhibit the influx of 
potassium ions into stomatal guard cells (Horton and Moran, 1972) and 
time course studies have causally related altered leaf resistance values 
with changed endogenous ABA contents (Hiron and Wright, 1973; Beardsell 
and Cohen, 1975).
The stomata of conditioned plants also appear more sensitive to 
the onset of water stress than their counterparts in well watered controls. 
The threshold ip^ and RWC values for complete stomatal closure, for 
example, are higher in pre-stressed plants (Paper 7) and so they lose 
less tissue water before the major water exits are blocked. This 
early stomatal response to a developing water stress in conditioned 
plants is paralleled by an increase in foliage ABA content (Paper 4 - 
other hormones were not examined) and corroborates similar correlations 
made in the literature (Kriedemann and Loveys, 1974).
Finally, in addition to the lower unit transpiration rate already 
mentioned, water loss is further reduced on a per plant basis in condit­
ioned stock by a significant decrease in shoot size, in particular,
foliage area (Paper 1). Shoot extension and leaf expansion are known 
to be sensitive to water deficits (Zahner, 1968; Rawson et al., 1977) 
and interpretations of this effect based on hormonal interactions are 
common (Jones, 1973; Milborrow, 1974b; Leopold and Kriedemann, 1975).
Maintenance of Water Uptake: The most important morphological 
modification in this respect is the better root development that occurs 
in conditioned plants. This is manifest in the higher root/shoot 
ratios of pre-stressed seedlings at the end of the conditioning phase 
(Papers 1,2 and 5) and their potential for subsequent root regeneration 
(Paper 1 - a high root regeneration capacity was also recorded in glass­
house-conditioned plants but these data were not presented). It was
interesting to note that both root wrenching and droughting regimes 
elicit similar responses in improved root development although a combin­
ation treatment when present was always best. The advantage of new root 
extension lies in evading localised rhizospheric resistances (Caldwell, 
1976) and tapping isolated water reserves, especially in a drying root­
ing medium.
There is good evidence from the work of Torrey (1976) and others 
that root initiation and development is under hormonal control. A 
positive auxin-cytokinin balance, for example, is frequently required 
to induce root activity (Torrey, 1962; Pillai and Hildabrandt, 1969) 
and a tilting of this balance in favour of auxin (auxin content constant, 
cytokinin content reduced) was observed in roots of conditioned Caribbean 
pine seedlings (Paper 2). An ABA build-up in these roots might also 
stimulate lateral root initiation (see discussions in Dorffling, 1972 
and Homes, 1976). This enhanced root activity in conditioned stock 
might then provide the necessary 'sink* to attract newly formed photo- 
synthate (Paper 1; Kriedemann et al., 1976).
Water uptake in pre-stressed plants would also be improved by an 
increase in the water permeability of root membranes. Although this 
aspect was not investigated here, there is growing evidence that such 
an increase might accompany an accumulation in root-ABA content (Tal 
and Nevo, 1973; Walton et al., 1976; Glinka, 1977).
Lastly, roots of conditioned plants have a lower osmotic potential 
(ip ) than those of non-conditioned stock (Paper 5; Hsiao et al., 1976a) 
and could provide a more favourable gradient for water absorption from 
the rooting medium (Kaufmann, 1976a).
Tolerance Mechanisms
Maintenance of Turgor: The ability of a plant to maintain cell 
turgor as water potential decreases is commonly regarded as an important 
adaptation to water deficits (Turner, 1978). Adequate turgor is necess­
ary for shoot and root growth (Cleland, 1971; Hsiao and Acevedo, 1974) 
and for stomatal opening which allows for gas exchange (Raschke, 1975). 
Furthermore, a positive is required to maintain life-supporting 
metabolic processes (Hsiao, 1973). The appearance of even small negative 
turgors is associated with mechanical damage of basic cell structures 
(Levitt, 1972; Tyree, 1976a).
Turgor maintenance in conditioned Caribbean pine seedlings (Paper 
5) was possible primarily through their capacity to osmoregulate, i.e. 
lower \po by internal generation of osmotica. Cutler et al. (1977) have 
recently suggested that osmotic adjustment would be facilitated in plants 
possessing small cells. Direct measures of cell size were not made here 
but published data indicate that water stressing does reduce cell size 
(Iljin, 1957; Quarrie and Jones, 1977).
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Studies on osmotic adjustment in mesophytes are only at the descript­
ive stage and the underlying mechanisms remain unresolved. In fact, the
U ltr\
osmotically active compounds involved have yet to be^equivocally 
determined.
Protoplasmic Tolerance to Desiccation: In those experiments performed 
here where conditioned and non-conditioned plants were droughted to a 
common moisture content of c. 160% only the non-conditioned plants failed 
to respond to rewatering (Paper 5). This indicates a greater tolerance 
of conditioned-stock protoplasm to dehydration. A number of hypotheses 
have been put to explain this frequently observed response to water 
stressing but central to most is the concept of the production of membrane- 
protective agents such as soluble-carbohydrates, proteins and cytokinins 
(Levitt, 1972; Parker, 1972; Lee-Stadelmann and Stadelmann, 1978).
In summary, the conditioning response is interpreted in terms of 
a series of protective strategies designed to provide treated plants 
with a degree of drought resistance dependent upon the intensity and 
severity of the conditioning treatment applied. Stock parameters such 
as ABA content, the ABA/cytokinin ratio and at maximum turgor, which 
are altered by conditioning treatments could be useful physiological 
indicators of planting stock quality (Wakeley, 1954; van den Driessche, 
1976) and might more accurately predict post-transplant survival and 
growth than the usual morphological grading parameters (Bacon et al.,
1977b) .
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Studies on the Establishment of Open 
Root Caribbean Pine Planting Stock in 
Southern Queensland.
SUMMARY
Local and international Caribbean pine establishment practices use costly container­
ised planting stock. This paper describes the development of an inexpensive seedling 
conditioning regime which permits successful planting of open root Caribbean pine stock.
Trials were conducted at two coastal centres in Southern Queensland, Byfield and 
Beerwah. Initially stock were subjected to mild in situ root wrenching schedules (roots 
cut at a depth of 20cm, maximum of three wrenchings) alone or in combination with a 
heeling-in treatment. These conditioning treatments proved too conservative. More in­
tensive root wrenching regimes (less than 15cm deep at weekly, fortnightly and monthly 
intervals over a 16 week period) were adopted. Frequent root wrenching stimulated 
lateral root development and reduced shoot growth in the nursery and gave acceptable 
stock survivals in the field over a range of planting conditions.
The root wrenching-stock conditioning procedure has been mechanised and tested 
successfully under routine production conditions.
INTRODUCTION
Caribbean pine1 (Pinus caribaea Mor.) is an inherently better wood 
yielder than the favoured planting species, slash pine (Pinus elliotti Engelm. 
var. elliotti L. & D .) on the coastal lowlands of southern Queensland (Mc- 
William and Richards 1955, Hawkins et al. 1972). In quantifying this 
growth superiority Smith (1973) recorded an average 35 per cent merchant­
able volume and 22 per cent dry weight yield advantage for Caribbean pine 
at age 19 years within the major plantation complex of Beerwah, Toolara 
and Tuan (Figure 1). That it has not yet been planted more widely (Table 
1) has been due to (i) inadequate supplies of improved local seed, (ii) 
poor stem form and windfirmness and (iii) high establishment costs 
associated with the requirement for tubed planting stock. A successful tree 
breeding program has removed the first two constraints (Nickles 1973). 
In this paper the development of nursery techniques that permit successful
1 Unless otherwise stated refers to var. hondurensis B & G.
♦Present address: Department of Forestry, A.N.U., Canberra.
Manuscript received 23 August, 1977
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open root planting of Caribbean pine are described thereby eliminating the 
final barrier to its complete acceptance.
□ PLANTATIONS
BYFlELDn
ROCKHAMPTON •  •
GREGORY^
TUANn
TOOLARAD
BEERWAH □
BRISBANE ■
Figure 1
The location of the major cities and pine plantations of coastal southern Queensland.
TABLE 1
Plantation estate on the coastal lowland of Queensland
Species
Annual Planting (ha) Total (ha)1
73/4 74/5 75/76 1976
Slash Pine (P. elliotti) 3233 3312 3480 47297
Caribbean Pine (P. caribaea) 453 767 575 78852
Loblolly Pine (P. taeda) 106 39 45 2140
1. The total conifer plantation area in Queensland including rainforest-sited Araucaria
and inland-sited Pinus was estimated at 99 300 ha in 1976.
2. 79% var. hondurensis; 13% var. bahamensis; 8% var. caribaea
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Caribbean pine is commonly regarded as the premier planting species 
for tropical lowland regions and active planting programs are underway in 
seventeen countries (Lamb 1973). Mechanised production and planting of 
open root stock in favour of containerised stock should be especially suited 
to the large (4000 to 20 000 ha/annum) afforestation schemes developing in 
Brazil, Fiji, Malaysia, Tanzania and Venezuela (Lamb 1973, Sutton 1975, 
Slee 1977 pers. comm.).
EXISTING NURSERY TECHNIQUE
Introductory plantings of Caribbean pine were made at Beerwah in 
1948 some twenty years after the commencement of a small plantation 
program based on slash and loblolly (Pinus taeda L.) pines. Initially, seed­
lings were raised for open root winter planting in accord with the existing 
southern pine nursery technique (Rogers 1957). These open root plantings 
resulted in high mortality (75% ) in a season in which slash pine survivals 
were 90 per cent. In the following year a tubing schedule was introduced 
for Caribbean pine with immediate success — 30 per cent survival for open 
root seedlings and 95 per cent survival for tubed. Subsequent routine plantings 
with this species (includes var. bahamensis B. & G. and var. caribaea 
B. & G.) have used tubed stock.
Caribbean pine in contrast to slash pine or any other southern pine 
grows continuously throughout the year in a series of episodic flushes and 
does not enter a dormant condition in winter. It is this fundamental differ­
ence in growth habit which is quoted as the reason for the failure of Carib­
bean pine to survive open root transplanting from nursery to field (Mc- 
William and Richards 1955, Rogers 1957). Other workers using different 
species have highlighted the dangers inherent in transplanting actively growing 
succulent seedlings (Simon 1961, Hermann and Lavender, 1967, van Dorsser 
and Rook 1972).
The current Queensland nursery technique for producing tubed planting 
stock calls for a February-March broadcast sowing under 50 per cent shade 
cloth in chloropicrin-fumigated seed beds aiming to produce c.1600 seedlings 
m-2. After two to four months, seedlings (c. 7 cm tall with branched root 
systems) are transferred to metal tubes rolled from 28G galvanised iron 
20 cm x 15 cm sheets. This operation is termed side tubing —  the sterilised 
soil-filled tube is opened along one side, the root laid straight in a small 
central furrow, and the tube reclipped in place. After a short recovery 
period under shade tubed stock are lined out in stand-down beds ready for 
a December-March summer planting when the seedlings are c. 15-30 cm tall.
Variants of this practice have been tried including direct sowing into 
tubes and dibbling young germinants; however, they have not been widely 
adopted.
The existing nursery technique is labour intensive and this is reflected 
in much higher production costs than those associated with the production 
of open root slash pine seedlings from mechanised nurseries. For example in 
1974, 750 000 tubed Caribbean pine seedlings were raised for a direct cost 
(excludes overheads) of $47 per thousand, while comparable figures for 
open root slash pine stock were 6 300 000 and $7 per thousand. Barrett 
(1976) has adequately discussed the importance of minimising nursery 
costs in achieving large economies in plantation programs.
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Planting authorities outside of Queensland have also prescribed con­
tainerised stock for their Caribbean pine planting programmes. Nursery 
procedures have been documented for Fiji (Rennie 1974, Sutton 1975), 
India (Dao 1971), Malaysia (Nicholson 1965, Freezaillih 1966, Geary et 
al. 1971), Sri Lanka (Muttiah 1970) and Surinam (Voorhoeve and van 
Weelderen 1971). Seed is either pregerminated in sand trays and young 
germinants dibbled into pots or sown directly into planting containers. 
Generally large containers (0.8-1.3 kg stocked wt.) are favoured in tropical 
nurseries to ensure production of tall stock capable of withstanding weed 
competition following field planting (Iyamabol 1967, Venator and Munoz 
1974). This would add to transport and planting costs (Kinghorn 1974).
EARLY OPEN ROOT PLANTING TRIALS
Caribbean pine can utilise favourable growing conditions at any time 
of the year because of its continuous growth habit (Franson 1970, Slee 1972, 
Chudnoff and Geary 1973). Consequently it outperforms the winter-dormant 
slash pine on drained sites in Queensland, especially in areas north of Tuan 
where the rest phase can be induced before the end of summer (Slee and 
Shepherd 1972). Early recognition of this growth superiority in Caribbean 
pine (McWilliam and Richards 1955, Haley 1957) brought a renewed 
interest in the possibility of open root planting.
Experimental
A number of trials were established at Beerwah and Byfield over the 
period 1955-1965. Plantings were made during the pronounced summer 
rainy season at Byfield (Figure 2) while both summer and winter plantings 
were tested at the southern centre. In the majority of trials some stock 
conditioning (hardening) treatment was given the seedlings during the 
nursery phase. The term stock conditioning or hardening is commonly 
applied to preplant practices which subject planting stock to periodic stresses 
in their environment with the aim of improving outplanting survival potential. 
Here the treatments took the form of a mild root wrenching schedule alone 
or in combination with a heeling-in operation.
Root wrenching, i.e. partial root severance in situ, was carried out by 
inserting an inclined (45°) flat-bladed spade from one side of the drill to 
cut the tap root at a depth of 20 cm. The initial wrenching was completed 
approximately six months after sowing and thereafter at monthly intervals 
from alternate sides of the drill. Seedlings were never root wrenched more 
than three times. Heeling-in, i.e. transplanting within the nursery, was 
completed one month prior to field planting. Stock was well irrigated after 
any root disturbance. As a general rule planting stock was culled of under­
sized, spindly and malformed seedlings.
Field survivals associated with the various nursery treatments are 
summarised in Table 2.
Discussion
Stock survivals within any nursery treatment were variable and un­
predictable. A good example is provided in a Byfield trial where double 
wrenched stock were planted at fortnightly intervals over a three month 
period. Despite excellent soil moisture status and relatively uniform tempera­
ture conditions throughout the trial period survivals ranged from 5 to 90 per
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Figure 2
Climograms (mean monthly temperature: mean monthly rainfall) for Beerwah and
Byfield.
TABLE 2
Results of early open root Caribbean pine planting trials conducted in southern Queens­
land.
Nursery Treatment
Survival per cent1
Byfield Beerwah
Summer Planting Summer Planting Winter Planting
Single root wrench 37(1)2 58(2)
Double root wrench 40(4) 50(1) 77(2)
Triple root wrench 67(3) 77(2)
Heel-in 48(1)
Single root wrench & heel-in 74(2)
Double wrench & heel-in 30(1) 79(1) 82(5)
1. Each survival figure is based on the pooled first year performance of between 200 
and 1000 seedlings. Mortality past the first year was negligible. Tubed control plants 
consistently recorded survivals >95% .
2. Number of yearly replications given in parentheses.
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cent (Figure 3a). A repeat trial the following year gave higher overall 
survival, and although more rain did fall, a wide variation in fortnightly 
planting survivals (44% to 87%) was again recorded (Figure 3b).
MONTH
Figure 3
Rainfall distribution accompanying two open root Caribbean pine planting trials 
conducted at Byfield. All stock double root wrenched before planting. Arrows denote 
planting times. First year survival percentages are recorded for each planting.
(a) 1961/62 trial (b) 1962/63 trial
Winter plantings gave the lowest open root mortality despite a less 
favourable rainfall distribution (Figure 2). Factors which might explain 
this result include,
(i) Root exposure of open root stock would be less severe under lower 
winter temperatures.
(ii) Extent of shoot flushing and plant succulance is reduced in winter 
(Slee 1969).
(iii) Winter planting stock (15-45 cm height range, 29 cm mean) were 
smaller than the Beerwah summer stock (17-65 cm range, 40 cm 
mean) and Byfield summer-lifted stock (18-86 cm range, 55 cm 
mean). Root development was not quantified but notings from visual 
assessments suggest that root systems were too small to support the 
large transpiring shoots after the summer liftings.
A feature of the pooled survival data is an apparent association 
between the degree of disturbance given to plants in the nursery and their 
subsequent survival potential. Seemingly the more drastic the stock con­
ditioning treatment the better the chances of outplanting success. Thus 
triple root wrenched stock consistently survived better than double wrenched 
stock and the latter outperformed single root wrenched plants. A similar
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pattern, though less replicated, is evident in the heeled-in stock. Overall 
the double wrench plus heel-in treatment gave the highest stock survival 
(69 to 94% survival range). These seedlings were also the smallest at 
planting averaging 24 cm in height.
TUBED
OPEN ROOT
1960 1964 1968 1972
YEAR
Figure 4
Ten year height development of tubed and open root Caribbean pine planting stock 
established at Beerwah during both a summer (S) and winter (W) planting season.
Some Beerwah trials were maintained past the initial establishment 
phase to provide comparative data on stand development and wind firmness 
of open root and tubed plants. Tubed plants which keep their entire root 
system intact on transference to the field invariably made the faster height 
growth during the first years of establishment, but by age 10 any height 
advantage remaining was quite small (Figure 4). Furthermore the production 
potentials for the ten year old stands of the two stock types are no different 
after allowance is made for stocking variations' (Table 3). Detailed assess­
ment of damage caused by a severe cyclone in a five-year-old (c. 6m tall) 
stand at Beerwah showed that open root stock compared more than favour­
ably with their tubed counterparts (Table 4).
Routine establishment with open root Caribbean pine planting stock 
was not introduced as the unreliable field survival, particularly at Byfield, 
provided little confidence in this method of establishment. Furthermore, the 
high cost of the heeling-in treatment which showed promise in the Beerwah 
tests when preceded by root wrenching precluded its general use (cf. de 
Philippis and Giordano 1967, Brown 1971). Interest in open root Caribbean 
pine planting again waned.
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TABLE 3
Ten year stand development at Beerwah associated with tubed and open root Caribbean 
________________________________ pine planting stock.________________________________
Planting
Season Treatment1
Stocking 
(stems ha-1)
Av. Ht.
(m)
Diam
(cm)
Basal Area 
(m3 ha-1)
M erchant 
Per Tree 
(10-1 m3)
lble Vol- 
Plot
(m3 ha-1)
Winter Open Root 1124 13.7 18.5 30.24 2.01 91.18
Tubed 1581 13.6 17.7 38.S4 1.77 113.44
Summer Open Root 1292 13.8 20.4 43.05 1.08 139.19
Tubed 1614 13.8 19.9 49.96 1.01 162.42
1. Open root stock were double root wrenched and heeled-in prior to planting.
2. To 10cm top diameter under bark.
TABLE 4
Cyclone damage recorded at Beerwah in five year old Caribbean pine stands established 
with tubed and open root planting stock.1
Damage
Percent Stems Damaged 
Tubed Open Root2
Light Lean (< 5 °  from vertical) 16.7 16.7
Medium Lean (5-15° from  vertical) 14.1 10.4
Heavy Lean ( >  15° from  vertical) 10.5 8.8
Top Broken Off 1.6 1.2
1. Stands averaged 6m in height.
2. Open root stock were double root wrenched and heeled-in prior to planting.
Limited open root plantings made overseas have also given variable 
and generally unacceptable field survival. Briscoe (1960, 1962) for example 
failed in his attempts to establish open root Caribbean pine seedlings in 
Puerto Rico. He obtained a survival range of 15 to 45 per cent with open 
root stock while 88 to 93 per cent of potted plants survived. Likewise 
Monteith and Coranado (1969) using hydroponically raised open root 
stock achieved little outplanting success (4-52% survival). Lamb (1973) 
states that 100 per cent mortality accompanied bare root trials in Jamaica 
and Venezuela, while in Cuba var. caribaea gave 50 per cent survival. 
The only exception to this list of poor performances is found in Marrero’s 
(1965) data, but his open root stock were seedlings removed from pots 
immediately prior to planting.
INTENSIVE STOCK CONDITIONING TRIALS
In retrospect the stock conditioning treatments applied in the first 
Queensland series were clearly inadequate. The mild root wrenching schedules 
(minimal root disturbance at infrequent intervals) and heeling-in practice 
used were treatments empirically derived for use with slow growing conifers 
showing marked seasonal periodicity in development. Such treatments were 
too conservative for conditioning a continuous fast flushing species under 
subtropical conditions.
During the late 1960’s the New Zealanders pioneered the introduction 
of frequent, shallow root wrenching regimes as an effective stock conditioning 
procedure for fast growing radiata pine and eucalypt seedlings. The tech­
nique offered precise control over nursery height growth, induced develop­
ment of a thick fibrous root system, increased the rate of stem lignification 
and vastly improved stock field performance, especially under limiting con-
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ditions of excessive root exposure and poor planting weather (see papers 
in Chavasse and Weston 1969).
It was reasoned that intensive root wrenching schedules could offer 
similar benefits when applied to Caribbean pine seedlings, and detailed 
testing of the new methology began in 1969.
Experimental
Locally improved seed was sown in drills (15-20 cm apart) to raise 
a maximum 200 plants m-2. Root wrenching was initiated on average 16 
weeks prior to outplanting and conducted at weekly, fortnightly and monthly 
intervals. The operation was again carried out with flat bladed spades, but 
in these experiments two insertions from opposite sides of the drill were 
made so that the resultant soil plus root-v-block could be lifted slightly in 
place. A light overhead watering usually followed. Wrenching depth was 
tested within the 7.5 to 15.0 cm range. A clay slurry root dip treatment, 
applied immediately after lifting, was invariably included. Additional treat­
ments incorporated in some trials include (i) shoot topping —  stem de­
capitated by shears 12 cm above ground four months before outplanting, 
(ii) foliage spraying with the growth retardants n-dimethyl amino succinamic 
acid (trade name Alar) and chlormequat chloride (Cycocel) —  applied 
six, four and two weeks before outplanting, and (iii) foliage dipping with 
the antitransparent phenyl mercuric acetate (PMA) applied at lifting. All 
stock were hand planted on mounded good quality low ridge sites. As in 
early trials, both summer (a total of 5) and winter (5) plantings were 
conducted at Beerwah while summer plantings (4) alone were tested at 
Byfield. All plantings were made with unculled nursery stock. Each root 
wrenching interval treatment was represented at each planting in a random­
ised complete block layout replicated four to eight times, with 50-tree line 
plots used as the basic measuring unit. Soon after planting a complete 
fertiliser was applied near the base of each seedling.
Nursery Phase
Stock development in the nursery was strongly influenced by nursery 
location and the intensity of root wrenching applied (Table 5).
As expected from previous work the Byfield nursery produced the 
biggest stock in the shortest time. Plants were ready for summer outplanting 
at Byfield 7-9 months after sowing, while at Beerwah it took 10-12 months 
for seedlings to reach this condition. The growth advantage recorded at 
the northern centre is attributed to (i) favourable growing temperatures 
and (ii) higher soil fertility status.
Root wrenching significantly modified both the rate and direction of 
plant development. Wrenched stock are much smaller in height and biomass 
than free growth (untreated) controls (Table 5). .Furthermore, the reductions 
in growth are related to the frequency of root wrenching; thus seedling 
height increment is reduced more by a weekly wrenching than by fortnightly 
and, in turn, monthly treatment intervals (Figure 5). There is however, 
under southern Queensland conditions no complete cessation of shoot growth 
in Caribbean pine following root wrenching as there is in New Zealand 
grown radiata pine (Rook 1.971). Vincent and Yabaki (1972) note a 
similar Caribbean pine response in a Fijian trial. Wrenching in this species, 
therefore, must be introduced well before stock reach a plantable height
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to avoid production of oversized stock. This is especially relevant under 
Byfield growing conditions (Table 5).
__
WEEKS FROM SOWING
Figure 5
Height growth of Caribbean pine seedlings in the Beerwah nursery. Stock treatments 
represented include, N =  Untreated free growers, M =  root wrenched monthly, F =  
root wrenched fortnightly, W =  root wrenched weekly, T =  Tubed. Arrow indicates 
commencement of root wrenching regimes. Summer grown stock.
Any concomitant reduction in overall root development, however, is 
less pronounced because of a marked increase in lateral root production. 
The logarithms of shoot and lateral root dry weight are plotted against time 
in Figure 6 to characterise the reversal in relative growth rates (given by 
the slopes of the lines) between these two plant parts brought about by 
the root wrenching treatments. The net effects are (i) root/shoot ratios 
are raised (Table 5) and (ii) the form of the root system is changed (Plate 
1). Untreated Caribbean pine seedlings normally develop a deep tap root 
with occasional large radiating lateral roots, whereas repeated root severance 
induces formation of a compact fibrous root mat.
Similar morphological and developmental changes have been recorded 
in intensively root wrenched radiata pine seedlings (van Dorsser and Rook 
1972, Benson and Shepherd 1977). Williams (1975) in contrast notes a 
reduction in the root/shoot ratio of Fijian grown Caribbean pine seedlings 
from 0.25 for monthly root wrenched stock to 0.16 for fortnightly wrenched 
plants.
A combination of stem, bud and needle morphological characteristics 
was used to classify plants into one of eight shoot development classes 
(Plate 2). Seedling distribution within these classes at planting was influenced 
more by the season of lifting than the conditioning regimes employed. At 
Beerwah, for example, the percentages of Class 5 planting stock (those in
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SHOOT
LATERAL ROOT
0 0 0 4
DAYS FROM TUBING 
Figure 6
Influence of stock treatments on (a) log10 shoot dry weight and (b) log10 laterial root 
dry weight development of Caribbean pine seedlings in the Byfield nursery. N =  
untreated free growers, M =  Monthly root wrenched plants, F =  Fortnightly root 
wrenched plants, W =  Weekly root wrenched plants, T =  tubed stock. Arrow indicates 
commencement of root wrenching regimes. Note change of scale of Y-axis.
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Plate 1
Caribbean pine planting stock. T =  Tubed stock; N =  Untreated free growers; W =  
Weekly root wrenched plants; F =  Fortnightly root wrenched plants; M =  Monthly 
root wrenched plants. Initial root wrenching depth was 7.5 cm. (a): 12 month old plants 
raised for a summer planting at Beerwah. (b): 8 month old plants raised for a summer 
planting at Byfield. Background grid of 2 cm squares.
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Plate 2
Shoot development classes devised for open root Caribbean pine planting stock. Class 1: 
Soft white stem bearing primary needles. Class 2: Stem still pliable but secondary 
fascicles appearing in primary leaf axils. Class 3: Secondary needles common but not 
completely elongated. Stem base is lignified. Class 4: S:em completely lignified except 
for soft tip. Fully developed secondary foliage over most of shoot. Class 5: Mature 
plant in a transient resting condition. A small scaleless terminal bud is usually present. 
Stock commonly characterised by ‘fiat tops’. Class 6: A tuft of glaucous new foliage 
dilates from shoot tip. Class 7: A recently elongated white-stemed flush-shoot atop a 
lignied stem. Class 8: Flush shoot maturing with secondary foliage appearing on its
stem.
a transient resting condition) recorded at winter and summer lifting were 
44.5 per cent and 25.8 per cent respectively. The corresponding figure for 
Byfield was 33.8 per cent. Only in the Beerwah summer lifted stock were 
the percentages of non flushing plants related to root wrenching frequency; 
there were 32.5, 27.0 and 17.9 per cent for weekly, fortnightly and monthly 
treatments respectively. The formation of small scaleless apical buds, set 
between episodic flushes, has been recorded previously in Caribbean pine 
(Vozzo and Briscoe 1963, Paul 1972, Slee 1972).
Field Phase
Field survival of open root Caribbean pine planting stock was directly 
related to the intensity of root wrenching given to the plants prior to lifting 
(Table 6). Thus a weekly root wrenching schedule was more effective in 
pre-conditioning stock to the nursery-field transplant shock than the fort­
nightly and, in turn, monthly schedules. This is consistent with the trend 
between field survival and degree of nursery root disturbance found in the 
early trials. Such a result might be explained in terms of the respective 
planting stock characteristics (Table 5). Plants with the highest field survival 
potential possessed the smallest shoots and the largest root/shoot ratios. 
Reduced foliage development means transpirational losses are minimised 
while large fibrous root systems with an increased root regeneration capacity 
provide newly planted seedlings with an advantage in quickly tapping avail­
able soil moisture reserves (Van Dorsser and Rook 1972, Rook 1973).
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A clay slurry root dip generally increased outplanting survivals. The 
root dip reduces the likelihood of root dessication injury provided the slurry 
is made up to a creamy consistency (Bacon et al. 1977).
This series of open root plantings has experienced the drier end of 
the weather range likely to be encountered at each centre (Figure 7). Under 
these conditions differences in the stock conditioning capacity of the root 
wrenching schedules become more pronounced. Furthermore, the survival
TABLE 6
The influence of nursery root wrenching treatments and a clay slurry root dip applied 
at lifting on the field survival of open root Caribbean pine seedlings.
Root Wrenching 
Interval2
Survival per cent!
Byfield Beerwah
Summer Plant (4)3 Summer Plant (5) Winter Plant (5)
Bare Dipped Bare Dipped Bare Dipped
Week
Fortnight
Month
85
82
69
87
81
77
79
75
71
84
80
76
81
78
68
88
81
75
1. Each survival figure is based on the pooled performance of between 800 and 1600 
seedlings. Negligible mortality occurred after the first year in the field.
2. Wrenching initiation occurred c. 16 weeks prior to lifting. Full treatment details 
supplied in the text.
3. Number of separate plantings made.
data for the winter planting in Figure 7a reveal that Caribbean pine can not 
adequately be preconditioned, in spite of four months continuing treatment, 
if root wrenching initiation is delayed until stock approach 25 cm in height. 
An identical result was obtained in a separate winter trial. To be effective 
in promoting field survival root wrenching must commence at Beerwah 
before stock pass 20cm in height. Rook (1971) and Chavasse et al. 
(1974) also recommend an early start to treatment when plants are in a 
state of rapid extension growth. The survival of weekly root wrenched 
(initiated 20 cm height) Caribbean pine stock established during the dry 
winter period shown in Figure 7a was comparable to that recorded in the 
surrounding routine planted slash pine.
In comparisons between root wrenching depths of 7.5 cm and 15 cm 
the shallow wrenched stock recorded a small overall survival advantage, 
81.4 per cent and 77.5 per cent respectively. Some toppling of the shallow 
wrenched stock occurred in the beds and a depth of 12-13 cm is favoured 
for routine practice.
As expected, tubed planting stock recorded near perfect survival rates, 
while unwrenched open root plants (free growers) in the two tests of their 
survival capacity in summer plantings at Byfield failed completely; 12.5 
and 34.1 per cent compared with 94.2 and 80.1 per cent average for root 
wrenched stock.
Field survivals associated with shoot development classes 1 to 8 are 
30, 55, 76, 30, 78, 84, 79 and 81 per cent respectively. These preliminary 
data (representing half the plantings) suggest that only classes 1 and 2 (the
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W 86 77 
F 75 66 
M 77 63
W 73 40
F 67 53
M44 52
£
W 89 
F 82 
M 73
W 84
MONTH
Figure 7
Rainfall distribution surrounding two open root Caribbean pine planting trials at (a) 
Beerwah and (b) Byfield. Stock were root wrenched at W =  weekly, F =  Fortnightly 
and M =  Monthly intervals for a minimum 16 weeks prior to planting at the dates 
indicated by arrows. All planting stock received a clay root dip treatment at lifting. 
Root wrenching commenced at Byfield when stock averaged 20cm in height. At Beerwah 
a comparison was made between a normal wrenching start, stock height 20cm, and a 
late start, stock 25cm. First year field survival percentages are recorded for each
treatment.
most immature —  Plate 2) need to be culled at lifting. Plants actively 
reshooting survived as well as those lifted in a transient rest condition.
Limited testing of shoot topping indicates that this operation can safely 
be performed on Caribbean pine (all three varieties) with complete ( > 9 5 % )  
recovery from induced ramicorn and multileader malformations taking three 
years in the field. Topping is employed only as an emergency measure when 
root wrenching schedules are completely disrupted.
Of the foliage spray and dip formulations tried only Alar at 17 000 ppm 
(active ingredient) has shown any promise as an adjunct to the basic root 
wrenching conditioning treatment. It does not significantly alter nursery
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height development but has provided gains in the field survival of weekly 
wrenched stock of from 2 to 10 per cent. The high product cost involved 
precludes general acceptance.
Post planting height growth has been remarkedly uniform within the 
root wrenched stock. At age two, mean pooled heights were 166, 164 and 
164 cm for weekly, fortnightly and monthly treated plants. Tubed planting 
stock generally have an average 20 cm advantage at this stage. Fast early 
growth is favoured by summer planting.
We are aware of only one overseas study where the field performance 
of frequently root wrenched open root Caribbean pine has been followed. 
Vincent and Yabaki (1972) describe a Fijian trial where stock were root 
wrenched by spade at weekly intervals during the 1970/71 summer period. 
Stock were planted during late summer having received between 2 and 12 
wrenchings. Planting conditions were very favourable and survivals at 19 
months were comparable between open root and tubed stocks, 85 and 86 
per cent respectively, while height favoured the open root stock, 66 cm and 
57 cm respectively.
PRESCRIPTIONS FOR OPEN ROOT PLANTING
The reproducible successes achieved in the small experimental trials 
in conditioning open root Caribbean pine seedlings by frequent root wrench­
ing has lead to larger scale testing under routine conditions during the past 
two years. This gave an opportunity to test the procedures under mechanised 
production techniques. Root wrenching for example was carried out either 
by drawing a tractor-mounted high tensile steel wire (Gleed 1967, Gouldie 
1967) or reciprocating blade (Van Dorsser 1973, Lott and Hallman 1973) 
beneath the nursery bed. Fixed vertical-mounted blades were pulled between 
drills to cut long lateral roots. The cost of these operations is less than 15 
cents per 1000 seedlings per pass. Stock have been outplanted by planting 
machine. Since the existing open root production nurseries at Beerwah and 
Toolara are programmed for slash pine winter sowing and lifting the same 
itinerary has been adopted for Caribbean pine. Some 450 ha have now been 
routinely planted with open root stock at these two centres and field 
survivals have exceeded 80 per cent from all wrenching intervals (week, 
fortnight and month). Broadscale testing at the northern centres is delayed 
because the nurseries originally designed for raising tubed planting stock 
are not suitable for mechanised open root production.
The conditioning prescription adopted for routine use calls for fort­
nightly root wrenching with a horizontal reciprocating blade set at a depth 
of 12-13 cm and commencing when stock reach a height of 15-20 cm. 
Interdrill lateral root cutting using vertical blades is timed at six-weekly 
intervals. Treatments should be operational for c. 16 weeks prior to lifting. 
In more tropical areas where nursery height development is more difficult 
to control root wrenching initiation is recommended when stock attain a 
height of 12-17 cm. Undercutting should be made at weekly intervals with 
side cuttings made monthly. Immediately after lifting root dip all stock 
in a clay slurry.
The acceptance of frequent root wrenching as a viable low cost stock 
conditioning technique is currently leading to increased Caribbean pine 
planting, in lieu of slash pine, in southern Queensland. The technique should 
also have application in overseas Caribbean pine establishment practice.
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